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ABSTRACT 


The nature of activated carbon is discussed with reference to 
preparation, physical and chemical structure. Rhodamine WT is des- 
cribed. It is unstable below pH 6.0 and sensitive to Cl at concen- 
tat tonseoreUSUIM. 

Carbon capacity is dependant on particle size and solution con- 
centration, but independant of pH and ionic strength. Adsorption rate 
is dependant on solution concentration, unused carbon capacity and 
particle size. In fresh waters variations of pH and ionic strength do 
not cause significant changes in adsorption rate, however larger varia- 
tions are important. Competition from dissoived organic matter reduces 
capacity and adsorption rate compared to those in distilled water, the 
amount of change being dependant on flow rate, time and organic concen- 
tration. Desorption of adsorbed dye can occur until a loading at which 
solution equilibrium concentration is zero. It is concluded van der 
Waals forces are responsible for adsorption, with a small contribution 
from hydrogen bonding. 

The higher the ratio of elutant volume to carbon weight, the 
larger the elutant fluorescence, and the faster this maximum was 
achieved. Large unbranched alcohols were better elutants than the 
smaller more polar members, though an increase in the water content of 
the elutant was necessary for the former. Ammonium hydroxide additive 
caused release of additional dye, and also stabilised fluorescence. 
Increase in elutant temperature produced increased desorption, but the 


effect was masked if a temperature correction was not applied. The 
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evidence indicated that competition by the alcohol molecules, adsorbed 
by van der Waals forces, was primarily responsible for desorption, 
though some release from polar sites was achieved by the use of ammonium 
hydroxide. 

The amount of dye released on elution was dependant on elutant, 
temperature, dye loading on the carbon, initial solution concentration 
and the length of time since adsorption occurred. The column system 
would give more dye release than the batch system. The Soxhlet extrac- 
tion apparatus would be the best apparatus for elution. Recommendations 
from these laboratory findings for application of the method in the 
field are given. It is concluded that simple quantitative interpretation 


of carbon adsorption/desorption data is not possible. 
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a1 INTRODUCTION 


Fluorescent dyes have been widely employed as tracers in all por- 
tions of the hydrologic system since their introduction for use in sur- 
face waters in the early 1960's by Pritchard and Carpenter (1960), 
Feuerstein and Selleck (1963a), Wright and Collings (1964), Buchanan 
(1964), Watt (1965), Cobb and Bailey (1965), Replogle et al (1966) and 
more recently Wilson (1968a and 1968b), various authors in Water Supply 
Paper no. 1892 (1968) and Kilpatrick (1970). The superior properties of 
the xanthene group, and in particular Rhodamine WT, a dye developed spec- 
ifically as a water tracer by Du Pont de Nemours & Co. (U.S. Patent 
3367946 1968) have caused many workers to adopt these dyes. However the 
fugitive dye uranin (sodium fluorescein C.1I. 45350) had previously been 
widely applied in groundwater tracing, especially in karsted aquifers, 
where it was generally found satisfactory (Dole 1906, Ambrose 1921, 
Plummer 1945, Sturm and Johnson 1950, Heck 1954, Kaufman and Orlob 1956, 
Haas 1959 and many others). Rhodamine WI was also used in groundwater 
studies after its introduction because of its desirable properties and 
associated developed quantitative technology (Scanlan 1968, Brown, Ford 
and Wigley 1969, Aley 1971, Brown in press). Due to the high natural 
background fluorescence at a wavelength corresponding to the fluorescence 
maximum of sodium fluorescein, quantitative determination was limited to 
higher, undesirable concentrations (Feuerstein and Selleck 1963, Watt 
1965, Knochenmus 1967, Scanlan 1968). However its use has continued where 


qualitative information only is required, due to its cheapness and the 
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considerable expertise which has been built up on its use (Zotter 1963, 
Baucic 1965, Bidovec 1965, Molitvin 1966, White 1967, KY¥ss 1967, Knutsson 
P9635 ocanlan 1966, Aley 1971 and many others)* 

Dunn (1957) first introduced a carbon detector system in order to 
facilitate groundwater tests in which the destination and time of travel 
of water tagged with fluorescein were not known - the normal case in 
karst groundwater systems. Activated cocoanut carbon, placed in a pipe 
sealed by wire mesh at both ade was used to adsorb dye passing the 
detector site. After collection the dye was eluted from the carbon using 
5% potassium hydroxide solution in ethyl alcohol. The presence of fluor- 
escein, detected visually, in the elutant indicated a successful trace 
from the input site to the detector. 

The method was generally adopted by workers in karst areas and 
developed in an empirical manner. The detector construction was improved 
by employing an all wire mesh packet (Haas 1959), while other workers 
suggested that nylon stocking mesh bags were satisfactory (Zotter 1963, 
Drew and Smith 1969). Suggestions about the effects of drying the carbon 
arter=colieetion (Zorter 1963, Aley 1971); the effect of flow (Aléy 1971, 
Scanlan 1968) and of the frequency of changing the detectors (Haas 1959, 
Drew 1968, Drew and Smith 1969, Aley 1971) were made as experience was 
gained with the method. Various elutant compositions were also tried 
(Zotter 1963, Scanlan 1968, Drew and Smith 1969, Aley 1971) and other 
dyes employed (Scanlan 1968, Drew 1968a, Drew and Smith 1969, Aley 1971). 
However only Scanlan has presented any specific scientific experiments 
which were designed to optimise the method. All other improvements have 
been presented as being the results of experience using the method, and 


are unsupported by data from which their effectiveness may be evaluated 
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by other workers. Unfortunately Scanlan's work is rather limited in 
scope and may be criticised on several methodological points. There 
appears to be little or no understanding of the theory or mechanisms of 
adsorption on, and elution from carbon. 

Thus, although these methods have been widely demonstrated to work 
satisfactorily there is little or no information available on the effects 
of ae eee on their performance. Furthermore it is not known 
if the methods employed are the optimum for the system, or if they may be 
improved by the use of other specific carbons, adsorption or elution con- 
ditions, or elutants. This is of considerable importance in that the 
method can only be used to demonstrate positive traces; negative results 
may be attributed equally readily to poor technique or to the hydrologic 
system under investigation (Classen 1967). By optimising the method it 
may be possible to lower the detection threshold of the system and hence 
allow borderline tests to yield useful information. 

Previous use of the detector has been in the determination of point 
to point flows with, in some cases, an approximate assessment of flow- 
through time due to periodic replacement of the detectors (White and 
Schmidt 1966). However with the development of water budget techniques 
based on flow-net theories and dye dilution gauging for discharge measure- 
ment, quantitative information is needed (Brown and Wigley 1969, Brown, 
Ford and Wigley 1969, Brown and Ford 1971). In particular, if an activa- 
ted carbon system could be used to measure the mass of dye emerging at a 
given point, a simple discharge measurement would allow the flow-net 
theory to be used without continuous monitoring. Further refinements 
might allow information on travel time and perhaps pulse duration to be 


obtained. 
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The practical necessity for remote detection of dye pulses in 
groundwater traces has not changed. Furthermore, the extension of trac- 
ing work, from the large relatively accessible sink to rising and vadose 
zone streams of maturely karsted aquifers, to soil and percolation waters 
(Drew 1968a) and to diffuse flow systems, demands that techniques for 
remote sensing of tracers in inaccessible locations be improved. As act- 
ivated carbon provides a cheap and relatively efficient method for moni- 
toring dyes, and is extremely simple to operate, it may provide a satis- 
factory tool for use in such situations. 

Thus the purpose of this study may be stated as follows:- 

1) fovapply andvoptimise the use of the activated carbon detector 
technique for the tracer dye Rhodamine WT. 

2) To provide an explanation of the mechanisms operative in the 
adsorption/elution of Rhodamine WT on activated carbon, and evaluate the 
Specitic factors atfecting 1t, such that other workers may further deve- 
lop the technique. 

3) To assess the applicability of activated carbon for possible 
quantitative determination of Rhodamine WT. 

No attempts have been made to evaluate the techniques in field sit- 
uations; this study has concentrated wholly on a laboratory evaluation 
in order to provide a sound basis for future development of practical 


applications. 


eA Cinikvateds Cagbon 


In order to effectively utilise activated carbon it is necessary 
to understand how and from what it is prepared, and what desirable pro- 


perties this preparation imparts to raw material. Such an understanding 
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has been generally lacking in users of the carbon detector method and 
has greatly hindered proper application of this material. 

There are two basic methods of carbon preparation; physical and 
chemical. In the physical process a carbonaceous material (cocoanut 
shells, peat, coal, bonevchar, sawdust, lienin and many others) ws ‘car— 
bonised by heating. Much of the non carbon material is burnt off leav- 
ing free carbon atoms, which combine to form graphitic crystallites. 

The areas between these fill with amorphous carbon and tars; the activa-— 
tion process removes this material to leave a highly porous, microcrystal- 
lite based, carbon solid. Activation is usually carried out by burning 
with an activating agent, normally chlorine, steam,carbon dioxide or other 
oxidising gases. The longer activation continues, the greater the number 
of large pores which are produced relative to smaller ones. This process 
is commonly used for decolourising carbons. The chemical process involves 
only one step, and is normally used to produce microporous gas adsorbent 
carbons. A tar formation inhibitor, for example zinc chloride, is added 
to the carbon and a porous solid produced in a single step. 

Thus activation is marked primarily by an enormous increase in pore 
size. Carbon cannot become "deactivated" during use; it merely becomes 
spent as the adsorption capacity is reached (cf Williams, in Drew 1968). 
By varying the temperature, time and oxidising materials used in activa- 
tion, and the additives and starting material, different desirable prop- 
eGelessmay be Obtained. mlor instance, "cocoanut Carpool 1S resistant to 
attrition and has a highly microporous structure: Smisek and Cerny C7 0 
ch.2) and Hassler (1963) present accounts of carbon preparation. 

The Dasic structural Unit of activated carbon is the microcrystal— 
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stacked one above the other to produce a thickness from 20 to 100A. In 
the perfect graphite structure, carbon atoms are arranged in complete 
aromatic rings stacked such that alternate layers are directly above each 
ouner, layer sepatation 15 93-35A (Pig. T21A). In activated carbon, How= 
ever, this regular structure is not present: the aromatic layer is 
buckled and has many bond defects where carbon atoms are missing, separa- 
tion distance increases to 3.6A, and the alternating structure is complet- 
ely absent, each layer being randomly orientated with its neighbours. 
This is known as turbostratic structure (Fig. 1:1B). It is due primarily 
to the presence of strong bonds, from holes and other defects in the 
aromatic structure, and particularly from the layer edges, which link 
neighbouring layers and microcrystallites and prevent proper orientation 
from being adopted. Thus the structure might rather be modelled by a 
complex organic polymer than by a perfect graphite structure. 

The microcrystallites are grouped into regions which have similar 
flat orientation of the turbostratic layers in neighbouring microcrystal- 
lites. The larger pores in the structure, formed by burn off of reactive 
hydrocarbon radicals at the microcrystallite edges, are known as macro- 
pores, and have diameters of 200 to 1,000,000A. These provide the pri- 
mary routes for transport to the extensive internal surface which is 
characteristic of activated carbons. Surface areas normally range from 
500 to 2000m2/g, most of which is provided by the micropores. The latter 
are formed by burnout of whole microcrystallite planes and defects in the 
carbon layers. They have diameters from 4 to 10A and provide the most 
important source of adsorption sites. A further pore size from 10 to 
200A is known as transitional porosity, and is developed when prolonged 


activation is employed to burn out a large number of micropores. It is 
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particularly important for adsorption of large molecules, which experience 
molecular sieve effects in the micropores. 

The basic chemical structure of activated carbon has been shown to 
be that of a complex partially aromatic organic polymer. Two types of 
chemical sites are recognised in this structure: firstly, highly re- 
active Ones, present at defects in the microcrystallite Jayers and at 
their edges; and, secondly, the unreactive basal (aromatic) portions of 
the layers. The latter are relatively uniform with few attached function- 
al groups, due to the lack of suitable bonding sites. Sorptive-processes 
on these surfaces are dominated by van der Waals forces and electron 
donor/acceptor complex formation utilising the aromatic TW electrons. The 
second series of sites are normally occupied by attached functional 
groups, chiefly oxides and hydrocarbon complexes. They provide important 
sites for specific bonding by ion exchange and coulombic forces, and also 
stabilise the carbon structure by inter-layer crystallite bonding. 

Oxygen may comprise 2 to 25% by weight of activated carbon and 
hydrogen from 8 to 19 times that of oxygen on a molar basis. The magni- 
tude of these non carbon constituents indicates that a great number of 
surface functional groups must be present. Considerable work has been 
carried out to identify the nature of these groups by indirect methods 
(see review by Boehm (1966)) and recently by more direct methods (see 
Mattson and Mark (1971)). It is sufficient for this study to note that 
four types of acidic groups are normally recognised: a strongly acidic 
carboxyl group (capable of lactone formation), a more weakly acidic car- 
boxyl group, a phenolic hydroxyl group, and a carbonyl group; while only 
one basic group has been tentatively suggested, a chromene group capable 


of forming a carbonium ion (Garten and Weiss 1957). 
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The information for the above discussion was drawn from Garten and 
Weiss (1957a), Hassler (1963), Boehm (1960 , Weber (1967), Snoeyink and 
Weber (1967), Coughlin (1969), Smisek and Cerny (1070) -and Mateson and 
Mark (1971). These references should be consulted for further inform- 
2eLon, OnwiLnis, topic. 

The activated carbon used in this study was obtained from Fisher 
Scientific Co. (Cat. 5-685). It was described as being primarily for 
recovery of oils and solvents from the vapour phase, and not for decol- 
ourising; however it was used because it was resistant to attrition , 
hadva particle distribution (Table 1:1) suitable for practical appii-— 
cation and had previously been used in the field. The special decolour- 
ising carbon supplied by Fisher (Cat. 5-690) was far too fine. No reply 


Table I:1 Partiche Size Distribution of vthe 
Experimental Carbon 


Particle Size Percentage Greater than Size 


(mm) (4) 

350 0.0 
ZaS0 tee 
UB rreXes AZ. 
2-00 6350 
1.68 S350 
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ILLS 98.7 
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(By sieving) 
has been received from the supplier after a request for information on 


the properties, preparation and raw material of this carbon. 


2. Rhodamine WT 


Rhodamine WT is a xanthene dye of the rhodamine sub-group, which 
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Beer bere Structure of Rhodamine WT 


Source: U.S. Patent 3367946 (1968) 
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H NR, 5 where R, Ry and 5 separately represent 


H, ee alkyl, alkanol having 2 to 4 carbon atoms, 


or Ry5 Ry and Re together with the nitrogen atom 


represent a monocyclic hetero ring. 
It may be suggested that a likely possible 


structure for the dye would be: R, is Cy alkyl, 


R, is H, X is ¢ 


D) alkyl and M is H, when the dye 
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was introduced by Du Pont de Nemours and Co., the manufacturers, in 1964 
dsva eSSecOstly  SsupSuLLULeRIOE Pontacy Brilliant Pink By both exhibited 
better resistance to adsorption than rhodamine B. Rhodamine WT is the 
subject of U.S. Patent 3367946 (1968), which is the only published inform- 
atlonedescripine wthetdye. “Umitortunately a ispecifiverdescripticou ris 106 
given, as ‘the patent is» for the general class of dyes. Requests for 
more detailed information have been politely refused by the manufacturers. 

tneadye (Nig. 1:22) eis a zwitterion, swbutris anionte (acid) ein char= 
acter. It comprises three substituted benzene rings, connected by a 
xanthene ring, and is normally in the quinonoid form, though it appears 
that tunder sacid "conditions Lt may revert to a lactone form. Tt is supp= 
lied as an alkaline aqueous solution, but may be obtained as a solid by 
evaporation to dryness. The concentration of the solution is adjusted 
with reference to a standard solution of rhodamine B to an accuracy of 
+ 19%. As no attempt was made to determine absolute concentration in 
this study, the absolute values reported should be used with this toler- 
ance inemind:— Amsing le baten of dye was utilised throughout these experi— 
Mess. it USRObVicuslysimportant to recalibrate the fluorometer for each 
dyesbateh when carrying out quantitative work in ‘the Eteld, in thatva 
given calculated concentration may produce completely different fluores- 
cence readings. 

A Turner III fluorometer with Turner filters #110-832 (primary) 
and # 110-833 (secondary) was employed to determine dye fluorescence, 
which was converted to concentration employing prepared calibration 
curves. All readings were corrected to 21°C by measuring cuvette temp- 
erature with a YSI thermister, and using Wilson's correction curve for 


Rhodamine WT. Wilson (1968a) has discussed fluorometric determination of 
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dyes using this instrumentation very completely in a monograph from 
which detailed information may be obtained. 

Although the machine functioned reasonably well over the period of 
experimentation, several problems were noted. During the initial phase 
of the study it was found that the calibration curve changed erratically 
from day to day. This was finally attributed to a faulty lamp (General 
Purpose UV #110-850) which was changed to give more stable readings. 
However, over long, but non continuous, periods of operation there was a 
gradual drift in calibration and sometimes jumps, which could not be 
ACLEIDULed stOuany, Specitic malfunction. It was probably due to agine of 
the lamp, and perhaps detection system, in the fluorometer. A correction 
was made by periodic recalibration and use of freshly prepared standards 
to produce a correction factor (correct concentration = concentration 
Head A \|caliprated concentracion of Standard / concentration GL standard 
bead ]:) > 

It was also observed that the scale changing assembly was not 
completely accurate. By pressing the knob to the left, after location 
in a given scale slot, a reading different by @ to 72 of the average 
from a value for the same sample determined with the screen to the right 
was obtained. This was compensated for by calibrating and using the 
Pigorometer with the scale knob firmly ito the risht oretne slot. “this 
problem must be common to all Turner III fluorometers, but has not 
previously been reported. Some wear was also noted in this scale chang- 
ingvassembly, ana it appears that a non-fluorescent lubricant should be 


used, if possible, to reduce this. 
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Lie ADSORPTION 


i. entrocuerion 

There appears to be no information in the literature on the carbon 
detector method dealing with adsorption. The approach adopted is that 
adsorption of the dye does occur and it is therefore unnecessary to know 
the systematic variables controlling adsorption, or its mechanism. This 
situation is unsatisfactory in that where negative test results are ob- 
tained, methodological inadequacies may be responsible rather than the 
failure of a dye pulse to pass the detector. 

Three dependant variables are important in the operation of the 
carbon detector method: the capacity of the detector for dye, the kine- 
tics of adsorption of dye on the detector, and the degree of reversibility 
of the adsorption process. It is necessary to determine the effect of 
both charcoal/dye interaction and environmental controls on these depen- 
dant variables. Thus the effect of dye concentration, carbon weight, 
dye loading, carbon type and carbon size were assessed for the former 
group above, and pH, ionic strength and temperature for the latter. 
These variables have all been found important for other aqueous organic 
solute/activated carbon systems. In addition experiments were conducted 
to assess reversibility, and determine the significance of aging of car- 
bon in both air and water. From the results of this work it was possible 
to discuss adsorption mechanisms and hence produce explanations for the 
effects of the systematic variables investigated. 

It is generally recognised that the best extraction system, when 


considering effectiveness of removal and efficiency in utilisation of 
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the carbon, is the column system, in which the fluid is passed through a 
column of adsorbate (Weber and Morris 1963a and 1964b). The detector 
system approximates this mode of operation, except that flow may be three- 
dimensional and the column is of extremely short length. It would there- 
fore be most satisfactory to use experimental techniques which model this 
flow-through system, as was in fact employed by Scanlan (1968). However 
the column system has many disadvantages from the experimental point of 
view and the batch system, in which a known weight of carbon is contacted 
with a given volume of dye solution of known concentration in a closed 
system, is more generally used. 

In this study the batch system has been employed. It has the ad- 
vantages of experimental simplicity, good reproducibility, lack of com- 
plex experimental equipment and freedom from complex hydraulic parameters 
indigenous to flow-through systems (Weber and Morris 1963a and Hassler 
1963). Furthermore the results of such investigations are readily trans- 
ferable to the column mode in terms of capacity using such approaches as 
the LUB/equilibrium section concept (Collins 1967). However, as Smith 
Ct, ola) 959) point.out, rate data is considerably more difitcult to trans— 
fer and must very often be determined empirically once the column has 
been constructed. This problem is not of importance in this study as it 
is not necessary to know absolute adsorption rates for the detector 
"columns"; of more importance is the effect of systematic variables on 
the relative adsorption rates for a given batch system. 

Another choice in experimental methodology is that between constant 
and variable concentration batch methods. In the former, solution con- 
centration is maintained by additions of solute as adsorption occurs, 


while in the latter no dye is added after the initial amount and solution 
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concentration decreases to an equilibrium. The latter method is more 
widely used, is simpler, and fits more readily into the theoretical 
adsorption models which have been proposed. Peterson and Lee (1971) 
provide a comparison of the two methods for adsorption of rhodamine B on 
activated carbon. The constant concentration equilibrium loading values 
are lower than those for the ordinary batch method, probably because 
higher initial concentrations are used in the latter. 

Data from batch adsorption experiments is normally presented as an 
adsorption isotherm, defined as the relationship between the quantity of 
solute adsorbed per unit weight of adsorbate and the equilibrium concen- 
tration of the solute in solution at a given temperature (Graham 1959). 
This representation is adopted herein. Several models have been proposed 
to explain various common forms sdnibsiaad by the adsorption isotherms, 
but none proved satisfactory to describe the data obtained in this study. 
Details on the application, derivation, and limitations of these models 
may be obtained from Graham (1959), Hassler (1963), Kipling (1965), Maron 
and Prutton (1965), Weber and Morris (1964b) and Weber (1967) or other 
standard physical chemistry texts. 

In all adsorption experiments reported in this study, standard 
batch adsorption procedures have been followed. The carbon sample was 
washed in distilled water to remove dust, dried in thin layers at 115°C 
in a natural convection oven and homogenised. The desired weight was 
then weighed out into a wide mouthed 250ml Pyrex-glass conical flask. 

A known volume, not exceeding 200ml, of prepared dye solution of a given 
concentration and chemical composition was then transferred into the 
flask, which was sealed with a rubber stopper. Dye concentration and 


charcoal weight were varied in order to provide a range of points to 
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allow construction of the appropriate adsorption isotherm. The time was 
noted and the flask placed on a New Brunswick Scientific Company oscill- 
ating shaker running at 260 revolutions per minute, in a light-proof en- 
closure the temperature of which was kept at 23°C £1°C. After an app- 
ropriate time period the flask was removed, and a 10ml aliquot of the 
solution pipetted into a 15ml centrifuge tube. This was stoppered and 
centrifuged on an international Model CL centrifuge at setting seven for 
6 minutes. (This was found to be sufficient in preliminary experiments 
to remove all carbon particles from the solution). The sample was removed 
and 5ml carefully transferred into a selected Pyrex-glass cuvette. The 
fluorescence was determined using the Turner III fluorometer and sample 
temperature was taken using a YSI thermister to allow correction for var- 
iation of fluorescence with temperature. The sample was returned to the 
centrifuge tube, which was shaken to resuspend carbon particles, its con- 
tents were then returned to the conical flask to avoid volume or carbon 
loss. The flask was returned to the stirrer and agitated again until a 
further sample was needed. Sampling was ceased when equilibrium values 
of solution concentration were obtained. A blank was run to allow esti- 
mation of apparent dye adsorption due to loss on glassware, oxidation or 
other non-adsorptive losses. 

It was found that some attrition of the carbon samples occurred 
que to the high stirrer speed utilised, but unfortunately mo other suit— 
able apoaratus was avallaple.. For several runs, (times to equilibrium 
were excessive and samples were removed when the rate of decrease of 
solution concentration was less than three scale divisions per three day 
period. This is theoretically unsatisfactory as it confuses rate and 


capacity information but was a practical necessity when times in excess 
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of 1000hrs occurred. It has been commonly used in several published 
Studies e.e. dasster and McMinn (1945). Tt was found that a. drift in 

the fluorometer calibration curves was often evident over the period of 
study and hence, where appropriate, a correction factor was employed using 
a non-agitated standard solution. The concentration determined for the 
standard at a given time was subtracted from the concentration on cali- 
bration, and the percentage change calculated. This percentage was then 
employed to correct all other readings. The technique assumes linear 
calibration curves,as are normally obtained in fluorometric analysis 


(Wilson 1968a). 


2. Dye/Carbon Interaction Effects 


A. Capacity 

The adsorption isotherms determined using the standard activated 
carbon without further treatment were found to be very irregular. Fur- 
ther analysis showed that this effect was due mainly to changes in the 
initial concentration of the solution. Fig. I1:l1 presents isotherms for 
which initial solution concentration was varied over four orders of mag- 
nitude. Attempts to apply the Langmuir and Freundlich equations to the 
data produced a poor fit. The isotherms appear to indicate that after 
some monolayer or equivalent coverage is achieved, represented by the 
marked knee, there is further adsorption, which in gas adsorption would 
correspond to formation of multilayers. Unfortunately the saturation 
concentration of Rhodamine WT was not available, precluding application 
OL the Beiels equation, which would be expected to fit this isotherm 


type. 


There is a marked increase in the monolayer value, represented by 
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Pio. Lis Hitect of Initial Concentration on 
Adsorption Capacity of Carbon 
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the knee, and also an increase in the gradient of the isotherm after 
this point with increasing initial concentration. These findings were 
supported by data from a sorted carbon (0.46mm), which is not presented. 
Velasco and Ruiz (1945 and 1948) report identical isotherm forms for a 
VaETCLY Of cyes On activated Carbon, 4S do Galprauenret al (1950) for 
adsorption on graphite. Velasco and Ruiz (1948) also observed that diff- 
erent Freundlich isotherms were produced if initial concentration was 
varied and recommended using a constant concentration with varying volume 
or adsorbent weight. Weber and Morris (1964b) report an identical con- 
centration effect to that noted here for phenol on activated carbon. 

The L shaped isotherm found in this study indicates that adsorption 
is probably either as a monolayer of small ionic micelles or of monodis- 
perse dye molecules (Giles et al 1964). More recent work by Giles (Giles 
and D'Silva 1969) has shewnm that, for dye adsorption which fs controlled 
primarily by physical forces e.g. van der Waals dispersion forces comp- 
ared to covalent bond formation, an initial monolayer of monodisperse 
ions is formed. On increasing the solution concentration these ions 
form the nucleus for the development of small ionic micelles which in- 
crease’ in-nmumber until no further micelles can format that concentra-— 
tion and an asymptote is caused in the isotherm. Unless specific bonding 
to the surface dominates adsorption, the micelles are adsorbed parallel 
fo wtne SsuGblrace with tne = planar aromatic molecules stacked iilat one above 
eaenrotner, asvan a deck of cards. (Giles et 7al 1966)" Ihnise stack struc— 
ture is a result of the maximum effectiveness of van der Waals forces 
when separation distances are minimised (Bergmann and O'Konski 1963), 
and in the case of Rhodamine WI probably also due to micelle stabilisation 


by the zwitterion charges (Galbraith et al 1958). The former is probably 
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also responsible for planar orientation on the surface (see below p34 
where the mechanism of the adsorption bond is discussed). 

The observation of non-integer aggregation numbers on several 
adsorbate surfaces indicates that a variety of micelles containing diff- 
erent numbers of molecules occur on adsorption (Giles et al 1966 and 
Giles and D'Silva 1969). As concentration increases there is a propor- 
tional increase in the number of large micelles both in solution and on 
the substrate. The concentration effects observed are due to this in- 
crease. Hence at equilibrium, increase in the solution concentration 
will cause the number of large micelles to increase on the surface. Thus 
more molecules are adsorbed onto the carbon, the bonding forces being 
those of micelle formation rather than adsorption. This explains the 


non-zero isotherm gradient after the knee. A somewhat similar explana- 


tion was used by Velasco and Ruiz (1948), though they referred to physical 


adsorption to produce a monolayer, followed by capillary condensation 
without mentioning micelle formation. The forces for capillary condens- 
ation are similar to those of micelle formation. 

Similarly the increase in amount adsorbed with increasing initial 
concentration is due to the formation of large micelles at the carbon 
surface due to high concentration. These occupy identical sites at the 
surface to the smaller micelles formed at lower initial concentrations, 
hence giving higher loading per site, though some molecular sieve acti- 
vity will be present in the micropores (Giles and D'Silva 1969a). It is 
because larger numbers of big micelles form at high concentrations than 
at lower ones, that there is an increase in the "monolayer" coverage 
with initial concentration. Fig. I1:2 shows the decrease in equilibrium 


and zero-equilibrium-concentration capacities with initial concentration. 
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Pa bs Relation Between Initial Concentration 
and Carbon Loading 
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The relation is linear for a log/log plot. Extension indicates that low 
loadings would be given by the concentrations normally used in tracer 
tests, especially if desorption is allowed to occur after adsorption 
(see below p35). 

Further irregularity in the isotherms was due to the heterogeneity 
o© thercarbon used with reference’ to particle size, This was particularly 
so in the low concentration isotherms where small carbon dosages prevented 
the use of a sufficient number of grains to produce a reasonable approx- 
imation to the particle size distribution in bulk. The bulk carbon was 
seived into a number of particle sizes using a fifteen minute shaking 
period. Finer sizes were produced by hand grinding in a pestal and mor- 
tar, as the yield from sieving alone was low. Average particle sizes of 
Beal 2.19, i564, 0-92, 0746 end less than O.l5mm were used, and adsorp— 
tion isotherms determined using initial dye concentrations of 2.38 x 103 
bong. 5 oes 10-9 / 16 

The isotherms produced are shown in Fig. I1I:3. There is a marked 
increase in equilibrium capacity with particle size for the isotherm 
knee. Furthermore the average particle size (2.19mm) shows agreement 
with the isotherm for this initial concentration using unsorted carbon, 
indicating that the latter was produced from carbon samples having a 
Ssatistactory particle distribution. The findings from this study comply 
with those from other work (Weber and Morris 1964a and 1964b, Weber 1967). 
However, the empirical relationship between capacity and the reciprocal 
of the diameter squared noted by Weber and Morris (1964b) was not foll- 
owed. The large separation of the 0.92mm and 0.46mm isotherms, compared 
to that between 0.46mm and less than 0.15mm, may be due to the grinding 


used to produce these finer grain sizes (Hassler and McMinn 1945). 
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During the formation of smaller granules by fracturing of larger 
ones, closed and "ink-bottle" pores are opened to allow solute penetra- 
tion and hence a larger accessible surface (Weber 1967, Weber and Morris 
1964b). This increase in surface area may also be augmented by the in- 
crease in external surface per unit weight as particle size is decreased, 
though this cause is probably minor compared to the former. Although 
Davies (1968) does not agree with this explanation, Mattson and Mark 
(1971 p203) have shown by nitrogen/BET surface area measurements that 
crushing does produce a considerable increase in accessible surface. 

In practical situations higher capacities may be obtained using 
smaller carbon particle sizes. However, the flow restrictions caused by 
the small ee and the finer envelope material needed to contain 
them are probably of more significance than this relatively small gain 
in capacity. It is important in using the isotherm capacity data presen- 
ted to evaluate the amount of carbon to be used in a detector, to remember 
that the values presented are based on achievement of equilibrium. In 
practice there is an interaction of rate and capacity terms to produce an 
effective capacity after an adsorption period of a given time. Further- 
more, the knee capacity data represents an equilibrium capacity far higher 
than practically possible, as concentrations were at least an order of 


magnitude greater at this point than in field operation. 


B. Rate of Adsorption 
The expression of rate data in adsorption studies is rather diffi- 
cult, and has generally been ignored, the emphasis being placed upon 
equilibrium capacity, rather than kinetics. Various techniques were 


used to describe the data from this study, but none were wholly 
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satisfactory. Vickerstaff (1954 pl48) recommended a hyperbolic function 
to describe the time/concentration curves, but this was found to give a 
poor fit. Similarly Weber and Morris’ (1963a) linearisation employing a 
t9-> transform of the time axis fitted only the first few hours of the 
adsorption process, which continued in many cases for over 1000hrs. Other 
more complex expressions proposed by Smith et al (1959), Cookson (1969) 
and Lindstrom et al (1970) were discarded either due to a poor fit or 

lack of the appropriate data. 

The representation finally adopted was devised empirically by 
Swearingen and Dickenson (1932) and is an exponential equation of the 
Porm: = 

Ce = (Cog e7kt 
where Cy represents concentration at time t, Co, is concentration at 
equilibrium and k is a rate constant (for constant volume, concentration 
may be replaced by amount adsorbed per unit weight of adsorbate). This 
equation may be linearised by taking the logarithm of Ce = Gand plot— 
ting against t. Another convenient plot is the gradient of the time/ 
concentration curve at a given time against (x/m), - (x/m),, where (x/m)g, 
is solute loading per unit weight of adsorbent at equilibrium and (x/m) | 
is loading per unit weight of adsorbent at time t. This quantity is the 
unused capacity for constant volume batch operation and is, in conjunction 
with solution concentration, responsible for the driving force controll- 
ing adsorption rate. The advantage of this form is that rate data may 
be taken directly from the diagram. 

A simple linear relationship between rate of adsorption and weight 
of carbon was expected in the batch experiments. This would be proved 


by plotting (x/m) - (x/m), against dx/dt for different weights to give 
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Pig. 11:4 Relation Between Weight of Carbon 
| and Adsorption Rate 
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coincident lines. That this coincidence is not present is shown in Fig. 
II:4 where the data for adsorption runs in which concentration and volume 
of dye solution and particle size were held constant, and the weight of 
carbon added) was varied. The tailing off of the straight lines is due 

to a poor fit of the relationship as equilibrium is approached (Swearin- 
gen and Dickenson (1932) originally limited the equation to 80% removal 
of solute for this reason). It may be due to some comminution of the 
carbon at the stirring speeds used. For a given unused capacity the 
adsorption rate is higher for the larger weight of adsorbent. This 
effect cannot be attributed solely to one cause. It is probable that 
where a low initial dye/weight carbon ratio was present the concentration 
of dye in solution was reduced to such an extent by adsorption that equi- 
librium was achieved by exhaustion of the dye supply, rather than by the 
carbon capacity being reached. This effect would not be dominant in the 
runs having higher weight dye/weight carbon ratios. The experimental 
design was therefore ambiguous in that both initial weight dye/weight 
carbon ratio and carbon weight were varied. The desired information 
would have been obtained if the volume ort solution was varied to main- 
tain the weight dye/weight carbon ratio constant. 

A similar problem is present in the method used to determine the 
Sienificance of initial dye, concentration. (Rigs li:5). | Dye volume (or 
carbon weight) should also have been varied in this experiment. Constant 
volume design alone could explain why the concentration appears to exert 
a significant inverse effect on rate. Thus it is impossible to recognise 


1f:a significant concentration effect is present. A similar erroneous 


design was used by Weber and Morris (1963a) in an experiment on the effect 


of concentration on the rate of adsorption of alkylbenzene sulphonates; 
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Bice Ll ss Relation Between Initial Solution 
Concentration and Adsorption Rate 
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Fic, 11:6 Effect of Initial Carbon Weight/Dye Weight Ratio 
and Initial Concentration on Rate of Adsorption 
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they were able to show a positive relationship of rate with solution 
concentration as the range of values used was far lower than in this 
study. 

Data for two sets of runs in which the initial carbon weight/dye 
weight ratio was constant were obtained. The results (Fig. I1I:6) indi- 
cate that a significant effect is present for both concentration and the 
carbon weight/dye weight ratio. For a difference in initial concentration 
Of 2.3892 110- ster? 38 = 10° pg/l adsorption rates are increased approxi- 
mately seven times, while from 2.38 x 102 to 2.38 x 104 this increase is 
about thirty seven times. Insufficient points are available to plot this 
relationship satisfactorily. However it appears that adsorption rates in 
a field situation will be affected by the normal concentration range 
experienced. 

Adsorption may be considered as an equilibrium reaction between a 
solute phase in the body of the solution and an adsorbed phase on the 
carbon (Graham 1959, Kipling 1965 p38). Thus both the concentration in 
solution and concentration on the carbon control the position of the 
equilibrium. Hence solution concentration would be expected to control 
rate of adsorption to an equal extent as untilled capacity — the concen— 
tration measurement for the carbon. For a constant mass of dye, changes 
of carbon weight, like changes in solution volume, affect adsorption rates, 
vig their effect on concentration. It is, this, indirect \¢ffect which has 
confused the results of the preceeding experiments. Thus from theoreti- 
cal considerations it is possible to argue that only unfilled capacity 
and solution concentration control dye adsorption rates; though only the 
former has been satisfactorily demonstrated in this study. Peterson and 


Lee (1971) have shown that for a constant concentration experiment, rate 


See Se ee 


a7 = ag | _ : : : 
| Avis ay 


7 ee 


| * 
§ ies ae: Pakw oi wit . had bail i ne sv ants 


“3 = 


,; 
Sis Wk: ie: te: th! nw 2G Saad 1 fete bo) & owe 
= a - 


Ta 


7 
pi tinea ele 


7) . = ° 
es ; . ‘ ar) i if j os] a i my al o~ &L oa 
-§ am ¢ af 7 
s 7 . oe be i 
ee 
ee ity ateh id 
a ; 
_ 
ule ¢ 


ty 4 ii, Ul ries ) 3 > eis 


“a5 1 eo j ts at Ful 7# ' J é “4 oh os 


Mie te abially eA) ites lh Soh ina Ta madealane 
yt ; / : Ry | | met Ae j pi j 


<4 pews foe it we ta “ { Mu a | inet Rati) is » 1 j ee jo 
it alee a7e1ie i oslial nls CWE erro mm 
=f > Fini gt zt Wit 7p? okies Ds » ’ ie WH ly TL (0 wee! 


wns aan he res PO YES le ey) ry it Muto wo) JD 4 


> 7 - 
7 wea 


- a 
- ~ neha nis aps tGAGQARG - ni sayrelice ae _ 
eae aT - 
ns Attensa - a ig 7 , a 
_ er ny 
- any i Bh2 61 ro iat 
- aes wind ve 


- 
3 ‘3 I mag ri 
™ ee 


31 


of adsorption of rhodamine B on activated carbon was independant of con- 
centration. This result may be due to the marked increase in capacity 
with concentration in the constant concentration experiments (which in- 
fluences the value of (x/m), - (x/m) ,) compared to the minor increase for 
the batch system. Weber and Morris (1963a) however, report a positive 
effect as has been illustrated in this study, as do Smith et al (1959) 
for dichlorophenol om activated carbon. 

it was hoped to use the concentration/rate diagrams to predict 
adsorption rates for detectors in the stream. In moderate velocity sit- 
uations (of the order 0.01 to 0.5m/sec) film diffusion ceases to be rate 
limiting (Weber and Keinath 1967) and intra-particle transport becomes 
dominant. This is also the situation in rapidly agitated batch systems, 
(Weber and Morris 1963a, Smith et al 1959). Hence rate data from these 
may be transferred to the case of the detector. The detector can be 
considered a column of very limited length, through which it is assumed 
plug flow occurs. Given the flow rate through the detector, residence 
time may be calculated for an incremental thickness of the carbon bed, 
and hence, given concentration and unused carbon capacity, the amount of 
dye adsorbed may be calculated. The decreased concentration is then input 
to the next incremental bed thickness and unused capacity of the first 
incremental thickness is decreased according to the amount adsorbed. 
This treatment was first proposed by Peterson and Lee (1971) for indust- 
rial adsorption columns. Using the model it would be possible to recom- 
mend specific carbon weights for detectors to optimise loading. However 
the necessary data has not been obtained to predict rates of adsorption 
at normal field dye concentrations (below about 20pg/1). 


The effect of particle size on adsorption rate was studied using 
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constant dye concentration, dye volume and carbon weight, but varying the 
perticie size. Iherdata presented in Fie. If:7 is similar ito that ob— 
tained for other carbon weights and dye concentrations. There is a marked 
increase in adsorption rate for a given unused capacity with decreasing 
particle diameter. This rate of increase is higher for the smaller sizes 
than for the larger indicating a non-linear relationship compared to the 
linear one observed by Smith et al (1959). It also did not fit the ex- 
pression of Weber and Morris (1963a) in which rate is proportioned to the 
inverse of particle diameter squared. Such an expression is expected 
Where intta—particile transport (ditfusion) is rate limiting, as is the 
case in these experiments. 

The results were expected in that by decreasing particle size, the 
average path length for a solute molecule travelling to an internal ad- 
sorption site is reduced (Weber and Rumer 1965). This consequently re- 
duces the time required for internal transport as adsorption sites have 
a higher accessibility. Furthermore the opening up of some previously 
closed pores may produce a greater connectivity in the grain. It is 
notable that the finest carbon, which was obtained primarily by hand 
grinding in a pestal and mortar compared to sieving for the larger grain - 
sizes, had an enormously increased adsorption rate. This may be directly 
due, tosthe orinding. or more likely is related Coptheshienen capacity of 
this carbon for dye adsorption. The equilibrium capacity employed was 
limited by dye availability in solution, rather than saturation of the 
davaulable adsorption sites, 2s occurred for theglanecr particle sizes, 
where higher equilibrium concentrations (and hence lower loadings) were 
obtained. Thus once again probiems were found with simple constant volume 


batch experiments due todifferences in equilibrium loading of dye on the 
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carbon. 

It is apparent that high adsorption rates are desirable in the 
detectors to ensure removal of as much dye as possible as stream water 
passes through them. This can best be achieved by the use of smaller 
particle sizes,though, as noted before, if the diameter is reduced to 
such an extent that flow is greatly inhibited the overall effect of the 
small grains may not be advantageous. For this reason the dusty <0.21mm 
diameter is undesirable, but the 0.46mm grain size would probably prove 
sufficiently granular to allow a reasonable flow-through, providing it 
was limited to relatively thin beds, that is, screen detector type rather 


than nylon mesh bag. 


C. Adsorption Mechanism 

A large number of adsorption mechanisms are possible for Rhodamine 
WI on carbon depending on which properties of the dye are dominant - its 
weak acidity, its ring structure, the large planar molecular configurat- 
ion, or the various (unknown) functional substituents in the ring system. 
Although it is possible by simple experiments to eliminate some of these 
possible mechanisms, only sophisticated techniques such as electron spin 
resonance, nuclear magnetic resonance and particularly internal reflect- 
ance spectroscopy allow definitive information to be obtained (Mattson 
and Mark 1971 ch.4). Furthermore, it is likely that several mechanisms 
may operate in conjunction or at separate points on the surface. The 
problem is therefore too complex to be dealt with exhaustively in this 
study. 

Three basic bond types are recognised to occur: specific, such as 


a normal covalent bond, which operate between given atoms; non-specific 
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bonds of coulombic type, which are due to the electrostatic attraction 
experienced between surfaces of opposite charge; and non-specific bonds 
of non-coulombic nature, which are due to a variety of inter-molecular 
forces. Unlike coulombic forces, the latter are effective only over 
short distances and therefore require close approach of adsorbate to the 
surface. 

In separating between specific and non-specific adsorption, the 
occurrence of desorption of the adsorbed solute is important. An adsorp- 
tion isotherm was therefore determined in the normal manner for a carbon 
of 2.19mm average particle diameter. After equilibrium was obtained, 
the carbon samples were separated from the solution, washed in distilled 
water and placed in flasks containing 200ml of distilied water. It was 
found that desorption occurred until the dye loading and solution concen- 
tration were readjusted to equilibrium values (Fig. I1:8). However for 
samples in which all dye had been removed from the solution at equilibriun, 
desorption did not occur, as would be expected. A constant flow experi- 
ment was also used to test reversibility in a more practical situation 
(see p9/ for experimental details and Fig. I11:14 for results). This in- 
dicated that desorption and/or relocation of dye occurred up to a specific 
Value ©£ loading, after which no more was lost, jin accord with the pre-— 
dicted behaviour and the findings of Dunn (1957). 

It thus appears that strong specific ion/ion adsorption forces, for 
instance the Garten and Weiss (1957) carbonium ion mechanism for adsorp- 
tion of acids, are not operative. This was expected because the negative 
charge of the dye ion is associated with a large molecule (Kipling 1965 
ch.15). However it appears that relatively strong adsorption forces must 


be operative to prevent complete desorption of the dye as commonly occurs 
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in solvent recovery systems. This thus eliminates the variety of ion 
exchange (Galbraith et al 1959, Giles et al 1964) and hydrolytic mechan- 
isms (Smisek and Seras 1970 chs4, Hassler 1963 ch.9); which are often 
completely reversible. Many of these also show a change in solution pH 
with adsorption (Giles et al 1966). Such a change was not observed in 
unbuffered adsorption solutions where pH remained constant throughout 
the adsorption process. 

There remain three important adsorption mechanisms: hydrogen bond- 
ing between a strongly electro-negative atom and a hydrogen atom, which 
gives adsorption energies in the upper "physical" range (15kcal/mole) 
(Graham 1959); electron donor/acceptor complex formation, in which the TT 
electrons of the dye aromatic ring(s) may form either the donor or accep- 
tor (2-15kcal/mole) (Mattson and Mark 1971 p209-222, Coughlin 1969); and 
van der Waals forces, which cover a variety of inter-molecular forces in- 
cluding Keesom's orientation effect for permanent dipoles, Debye's induc- 
tion effect and London dispersion forces, which are dominant (2-15kcal/ 
mole) (Smisek and Gant 1970 ch.4). Hydrogen bonding alone, as for other 
specific bonding, is unlikely to be responsibie for all bonding as it is 
generally non-reversible (Giles et al 1966). However it is quite possible 
that it is significant for undissociated dye molecules, where a bond may 
be established between the acid proton, and oxygen held in surface func- 
tional groups on the carbon (Ward and Getzen 1970). It may also bond 
through the amide groups of the dye to surface oxides along the micro- 
erystalite.edges. This may occur for rhodamine B, which is held irre- 
versibly on activated carbon (Peterson and Lee 1971). This is supported 
by data from the elution studies (Chapter III), which indicate the exis- 


tence of a polar bond binding a relatively small number of dye molecules. 
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Such a bond may augment the major bonding mechanism as was proposed for 
phenol adsorption on activated carbon by Mattson and Mark (1971 p220). 

The formation of electron donor/acceptor complexes with the surface 
by orbital mixing between electron poor and electron rich species pro- 
duces a dominantly coulombic bond which is generally reversible. The TT 
electron systems of both the aromatic rings in Rhodamine WT and the fused 
portions of the carbon crystalites are able to enter into such complexes. 
However as the effect of substituents in such rings is to localise elec- 
trons and hence reduce the Tl electron density, both these groups are 
liable to be electron deficient, the former because of the various sub- 
stituent groups on the dye and the latter because of oxygen containing 
functional groups on the carbon layer edges (Coughlin and Ezra 1968). 

For phenol and related nitro compounds the complex is formed initially 
between the phenol TT system (acceptor) and carbonyl oxygen groups on 

the surface (donor), and then for phenol only between the aromatic por- 
tions of the carbon surface (acceptor) and phenol TT electrons (donor) 
(Mattson and Mark 1971 p220-21). The former is more likely for Rhodamine 
WT due to the extent of substitution in the rings, however it must be 
augmented, perhaps by hydrogen bonding to prevent complete desorption 
Erom) occurring. 

The remaining bonding mechanism is due to van der Waals forces and 
is non-specific. Due to its rapid distance decay function (force « 1/dis- 
tance/) it is most effective for flat orientation on basal planes where 
no surface functional groups are present and where approach of the whole 
molecular area is possible (Snoeyink and Weber 1967). Bond strength is 
proportional to molecular size and is also additive, being augmented when 


the adsorbed molecule experiences forces from both sides of a pore 
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(Coughlin 1969). Because of the high microporosity of the cocoanut car- 
bon used in this study, it is likely that bonding energies approaching 
15kcal/mole may be obtained, comparable to those of hydrogen bonding 
(Graham 1959). These high energies are indicated by a steep rise in the 
isotherm and cause retarded desorption (Kipling and Wilson 1960). A flat 
orientation is adopted at the surface, as for the electron donor/acceptor 
mechanism, such that multilayer micelles may form, as long as there is 
sufficient pore volume available (Giles and D'Silva 1969a). The forma- 
tion of such micelles gives an increase in the overall bonding forces 

to the surface. 

It thus appears that van der Waals forces or electron donor/acceptor 
complex formation are responsible for the bulk of dye adsorption. No 
specific information is available to separate these two, but van der Waals 
forces are most probably dominant, as has been widely suggested for other 
dyes adsorbed on activated carbon (Steenberg 1944, Giles and D'Silva 
£969.) Kiplinevand: Wilson 71960, Galbraith et aly 19585) Kipling 96D) ich., 15, 
Graham 1955). A variety of bond strengths may be formed such that com- 
plete reversibility does not occur, as was suggested by Graham (1959), 
but hydrogen bonding may also be operative at some specific sites ; the 
ACti Ve MoIntssOnu Welasco and Ruize (1943) 5 dbtedisvoiisicnieicance, foryehe 
practical application of dye adsorption that suchvactive (sites: will be 


the first populated on a carbon surface. 


3. Environmental Effects 
A. Temperature 
Batch runs were conducted using 0.lg of carbon of 2.19mm average 


meee ; 
particle size diameter with 200ml of 3.57 x 10 pg/L dye solution. The 
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solution was agitated using a magnetic stirrer at a preset speed as the 
temperature of the enclosure for the large stirrer could not be varied 
over the desired range. Temperatures of 30°C + 1°C and 14°C + 3°C were 
produced in an insulated inclosure by heating or adding ice as necessary. 
A constant temperature water bath and oscillating shaker would have been 
more satisfactory for the experiment but were not available. It was ob- 
served that after periods of two or three days fine carbon particles were 
presenteim the fdacks indicating the stirrer bar caused attrition of the 
carbon particles. 

It was found that the variance of samples at the same temperature 
was greater than the difference between them. This was probably due to 
the poor apparatus used in the experiment, but it indicates that a temp- 
erature effect of a magnitude comparable to the concentration and loading 
effects discussed earlier was not present. This finding is supported by 
Weber and Morris (1964b) who showed that the temperature effect on capa- 
city for alkylbenzene sulphonates on carbon was sufficiently small to 
be unimportant in practical situations. Lee et al (1965) demonstrated 
this for eutrophic lake waters by operation of two parallel columns for 
which a difference in water temperature of 6°C to 23°C gave no signifi- 
cant effect on the amount of chloroform extract of the carbon. Adsorption 
is exothermic (Weber 1967) and furthermore the magnitude of van der Waals 
forces decreases with temperature (Kipling 1965 p61), such that a dec- 
rease in capacity and mean bond strength with temperature would be expect- 
ed from theory. This would be augmented by an increase in solubility with 
temperature (Kipling 1965 pl01). A decrease in adsorption of dyes on 
activated carbon with temperature was reported by Velasco and Ruiz (1948). 


Adsorption rate is controlled by a modified diffusion process inside 
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the carbon grains (Weber and Rumer 1965) and this is temperature depen- 


dant with a relationship of the form:- 


k = Ae7E/RT 


where k is a rate constant, A is a temperature independant factor, E rep- 
resents activation energy, T is temperature and R is the universal gas 
constant (Smith et al 1959, Weber and Morris 1963a). Thus adsorption 
rate increases with temperature, as has been widely reported, inoue) 
Weber and Morris (1963a) suggest that the magnitude of the effect is 


marginal for practical operation. 


B. pH 

Although pH variations in natural waters are low (pH 6.0 to 9.0), 
tracing work is often necessary in polluted waters with a much greater 
pH range, for instance acid mine waste waters. Thus a range of pH values 
from 13.0 to 4.5 was investigated, the lower end of the range being set 
by the instability of the dye in acid conditions. 

Before the adsorption experiments were commenced the effect of pH 
on dye fluorescence was determined. A minimum of various acids and alkalis 
were added to 100ml of 1.19 x 10° pg/L dye solution in 250ml Pyrex-glass 
conical flasks to produce the desired pH. The flask was stoppered and 
placed in a light-proof enclosure. Fluorescence was determined through 
time until no further decrease in values was noted. The time for equili- 
brium to be obtained varied from 0 to 180hrs in cases where the change 
was most marked. The systems employed were concentrated hydrochloric 


acid (35%), concentrated nitric acid (76%) and concentrated sulphuric 


acid (99%) with solid sodium hydroxide over the complete range, and the 
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Pig. 9 Effect of pH on Fluorescence 
using Different Acids 
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phosphate buffer system of Sédrensen (Clark 1925 pll6) over the range pH 
4.5 to 8.5. In the latter system ionic strengths were maintained within 
ine tange 0-04 to 0705. ‘The results are shown in Pie. 1i:9: 

The dye is essentially stable from about pH 8.5 upward, but below 
this value fluorescence decreases with pH at a rate depending on the acid 
added. The decrease may be either due to formation of the free acid as 
the acidic functional groups become protonated with increasing pH, or 
due to formation of the leuco compound corresponding to the dye. It is 
possible that protonation will reduce fluorescence by alteration of 
electron energy levels e.g. Crystal Violet, Pratt (1947 p15-16), Uden- 
friend (1962 p24-27); some support is given to this argument by the good 
fit with the percentage ionic species curve plotted for a PK, Of). 
(see below p44). However if such a reaction were operative the change 
would be instantaneous. It therefore appears likely that the colourless 
lactone form of the dye is produced in an analagous manner to that which 
occurs in fluorescein and the indicator dye phenolpthalein (Pratt 1947 
p189, Conn 1961). This may be dependant on the degree of dissociation 


of the dye (Udenfriend 1962 p26).. Thus: 
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As such a structural change considerably alters energy adsorption wave- 
lengths, a change in fluorescence spectra or complete cessation of 


fluorescence would be expected. These arguments are only speculative 
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considering the unknown structure of the dye molecule. 

An attempt was made to determine the PK, of the dye using a stand- 
ard potentiometric technique, back-titrating with dilute sodium hydroxide 
from a solution acidified with dilute hydrochloric acid and vice versa. 
The value of the molecular weight of the dye was estimated, hence the 
determined value is only an approximation. It was found to lie between 
5.1 and 6.0, the lower values being obtained for a solution from which 
the genenions had been partially removed. Furthermore, the curve (Fig. 
II1:10) showed a peculiar increase in pH near pH 2.5 which was observed 
also in a replicate run. This may possibly be due to loss of sodium or 
other alkali ions from a functional group on the dye. Such a pueeescton 


would fit, if the substituted acid groups were in ortho position to each 


other as the PK, Values oOreO-ptlalte acidware sc .o9 andl ows i. 


COOH 
COOH 


O-Pthalic Acid 


Adsorption runs were conducted using standard batch methods employ- 
ine Olle of carbon and 200ml 70t 2.33 x TKO pg/1 dye solution, the pH of 
which was adjusted using Sérensens sodium phosphate/potassium hydrogen 
phosphate buffer system with ionic strength ranging from 0.04 to 0.05. 

A wider pH range was also run using Ringer's sodium phosphate and sodium 
hydroxide system within the ae range of donic strength (Clark 1925). 
The phosphate buffer system has been widely used, and was specifically 
recommended by Andersen (1947) due to its stability in contact with 


ACElIviakzed Can boni. 


It was found that the amount of solute adsorbed at equilibrium was 
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correlated inversely with the carbon weight used, as values of exactly 
O.1lg could not be obtained. A plot was therefore made of amount adsorbed 
per g against carbon weight and correction factors taken from a best fit 
line through the data to adjust loading to an equivalent for 0.lg. This 
procedure is valid providing that carbon weights were ascribed to diff- 
erent pH values at random, as was the case. The rate constants calcul- 
ated by plotting log (C = Co. against t were also checked for this corr- 
elation, but it was not observed to be present. 

the data is presented in Pig. ff:1i. “The eifect of ph on capacity 
is barely significant and does not show a marked change near the PKy value 
as reported by Andersen (1947) and Ward and Getzen (1970). It is similar, 
though smaller, to that observed by Weber and Morris (1964b), for alkyl- 
benzene sulphonates, which they attributed to protonation of acidic 
functional groups on the carbon as pH was lowered. The small magnitude 
of this effect adds support to the arguments presented earlier that van 
der Waals forces, not ion/ion interactions, are the most likely adsorption 
mechanism. It is however important to realise that if loading values on 
the plateau of the isotherm had been utilised far larger effects would 
have been measured as demonstrated by Getzen and Ward (1969). This is 
the case for all the systematic environmental variables tested and means 
that where very low equilibrium concentrations are being employed, the 
effect of such variables will be small due to the high bond strength of 
the adsorption sites utilised. 

The effect of pH on adsorption rate is more marked. It is probably 
due to the same effect mentioned above - the decrease in surface negative 
charge and dye charge allowing faster diffusion rates and a closer app- 


roach to the surface, where the short range adsorption forces can become 
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operative (Vickerstaff 1954 ch.4, Weber and Morris 1963a, Cookson 1969). 
Thus the pH variation of natural waters will not have a significant 

effect on carbon capacity or adsorption rate. However larger pH varia- 

tions will significantly affect the latter. Rhodamine WT should not be 


used in waters with a pH lower than 6.0. 


Gs Tonic Strength 

The carbon detector technique is normally used in fresh waters 
with a low ionic strength (max. 0.002), but its use in polluted or mar- 
ine waters with much higher ionic strengths requires information on the 
effect of hogh ion concentrations on the adsorption process. The effects 
of high ionic strengths on the dye were also investigated. 

150ml of 1190ng/1 dye solution in distilled water was placed in a 
conical flask and a caiculated weight of the solid salt under investiga- 
tion added. The flask was stoppered and agitated until the salt was 
dissolved, then the pH was determined using a Sargent Welch Scientific 
Co. pH meter model PBL calibrated to pH 7, 4 and 10 using standard buffer 
Solutions. The flask was kept in a Jieht=proot enclosure at 21 -C, “and 
the pH and fluorescence determined at suitable intervals until no further 
change in fluorescence occurred. This period varied from 1 to 200 hours 
depending on the amount of decrease in fluorescence. The neutral saits 
sodium chloride and potassium chloride were used to compare the effects 
of different cations, while sodium sulphate, nitrate and bicarbonate (not 
neutral) were used to compare the effect of different anions. For 1:1 
electrolytes ionic strength is equal to the molar concentration of the 
salt but for 1:2 or 2:1 it is equal to 3x molar concentration (Maron 


and Prutton 1965 p338-9). 


The results are shown in Fig. 11:12. It can be seen that the effect 


¥ 


me: Sw 


bl | : 


A eoee eaniand (ck pOT arin 
mh 


4 rans Then ° wae’ - Vena 


Pe. ae 
- iv é im“ reg wi - i ia ee ra ‘ye 
é To { i el os bint tt if ‘Et ie 
- 
PTs Pes: nf > Mie wrars 
- - 
ae | — 
a = ‘> a 
hi ‘Pant? mi ti a 
id a4 1 4 AA iy) ite 
oy wt ait i 
j | ij j fr ( ered a! . 
f pit i i a oe Py j 
f ' woe eae! i 
\ 
Fi vera ayn Py ris 
Pi ‘ \% 
| pied aac) | 
” * 
74 Sia (is a ‘ i 
* : * : 
aravy a Witbier 34h iguyee cy by 
7 7 . 
1 7 
ae oy | LS rE : » bres Bue io > ii: oe ‘ wih% og 
| on 
| I wii cron Le pe 6723) Soi - oe 
= 7 Pe 
a | i beets teh si 1 wi, PS inh y i8 po eur 
# 
Sy dgty) So aiey is | LIL ~eae inh , hedaman duidon al 
7 
LEX Ho «Binh rsh Ta euat 


Ordo 
= 


it ree 
| joa 


Ul 
Ps - 


' - 7 
. 


= 7 1 


ont we tebe a3 Anes on 
oy “ew 
Sig aah 


erMplil + 


wilt 
_— 


BaD sani’ 
- 


48 


ont 


oe 


yasueizaqyS DTUOT 
(eae) TO*O 


it 


aprazaoTyy) wnrsseio0g 
SPTAOTYO. wNTpos 
aqeudqtns wntrpos 
a}euCgAe DT, wnTpos 
3RZEAIIN wnTpos 


4TeS 


ae Bs Clee Sn ee eee 


ean? 


gous dSseionTy efq UO SATeS peppy FJo AoesTy 


eA’ 


Alea REE) 


®@paq.0ce 


oe74 


09 


OOT 


(%) 3a37eM PAETITISTC UL voUeTSeIONT YA Jo esejuadieg 


asaee 
oi wera 
ae 


oe a 
bisc: | tobe 


49 


of the Cl ion is far Preater than that for SO, NO, or HCO, . There 
is aise a Variation in the effect for a given anion with fhe cation pre— 
sent, perhaps due to common ion effects with the gegenion of the dye. 

A change in pH toward acid conditions was observed on addition of the 
neutral salt (from 9.0 for raw dye solution to a minimum of 6.0 for high 
ionic strength solutions). This was insufficient to explain the magni- 
tude of fluorescence decrease which occurred. However it infers that 
there was a specific reaction between the dye and neutral salt. Such a 
specific reaction may explain the significant differences between the 
fluorescence/pH curves obtained using different acids (above p42). It 
should be noted that the order of dye susceptibility for the anions is 


the same in both experiments (Cl > SO, 5 No, ). Udenfriend (1962 p109) 
has noted that halide ions in solution may often cause strong fluorescence 
quenching in solution, while SO, > for example, does not. This appears 

to be the case in this study. It is also apparent that considerable 
changes in the dye adsorption spectra may also occur as colour change 

in the samples was noted; this alone is sufficient to affect fluorescence. 
Similar results have been reported by Feuerstein and Selleck (1963) for 
the effect of sodium chloride on fluorescein, though the effect was simi- 
laren romum y)COnmthab for SO, in this study. 

The adsorption studies were conducted using standard batch tech- 
niques with 200ml of 2.38 x 10° pg/1 dye solution and 0.lg carbon. The 
dye solution was buffered to pH 7.0 using the phosphate buffer system. 
Ionic strength was varied either by changing the volume of buffer added 


or adding sodium chloride or sodium sulphate. At low buffer concentra- 


tions the buffer capacity was small allowing some pH variation to occur. 
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on Carbon Capacity 


o Phosphate buffer 
4 Phosphate buffer and Sodium Sulphate 
» Phosphate buffer and Sodium Chloride 


Solute Adsorbed per unit 
Weight Adsorbate (pg/g) 
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Blanks were run, and the concentrations in the samples corrected for decay 
of fluorescence with time by multiplying by a factor of initial blank 
concentration divided by blank concentration at that time. This procedure 
worked satisfactorily for both phosphate buffer and sodium sulphate sam- 
ples, but produced highly irregular curves for sodium chloride, support-— 
ing the suggestion that a more complex process is operative in this case. 
As the corrections employed were rather small for the other samples the 
sodium chloride runs were plotted uncorrected. It can be seen that they 
are of the correct order of magnitude, which was not the case when corr- 
ecLions were applied. “A further correction was made to both rate and 
capacity data for differences in the carbon weight used, as described 
above (p45). 

The effect of increasing ionic strength on carbon capacity is neg- 
(ieibvesat this, Loading, (Fig. Is13).8 As ior ph, ate themiow capacity 
level of operation only high bond-enersy sites are utilised, and these 
are independant of the charge density in solution, once again indicating 
non-coulombic bonding is dominant. However effects would have been ex- 
pected from the presence of excess cations, either due to reduction in 
the energy needed to produce their non-specific adsorption in the surface 
double layer, or perhaps due to the common-ion effect (Mattson and Mark 
VOT poo we Viekerstarte 19547 clr.4, Hassler W965 ech )e 

Fic Licl4%shows!themerfectjot lonicestrength onvthe rate constant 
kpedeterminedspy taking the gradient divided by loge son a (C. - C4) 
Versuse fo plot.) “Iwo interpretations are possibile, firstly that there’ is 
an inereasesin the rate to’ almaximum about O71 to O02) followed bya 
decrease, and secondly that for phosphate buffer, rate increases with 


concentration, while the reverse occurs for sodium chloride and sulphate. 
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Further samples would clarify these findings. The results may be ex- 
plained" by reference to two etfects: firstly an increase in adsorption 
rate with increasing ionic strength, due to decrease in the energy needed 
to bring the dye anion close enough to the surface for physical adsorp- 
tion forces’ to operate (the surface. is negatively charged at’ this pH). 
The second perhaps due to the decay product of the dye being less adsor- 
bable than the unaltered anion, either due to steric effects, or a change 
in the charge on the anion. More information on the nature of the dye 
and its decay products is needed before the validity of this explanation 
can be assessed. 

Thus in normal fresh waters both rate and capacity are relatively 
independant of ionic strength. However in high ionic strength waters 
the dye stability is relatively poor and appears to affect at least the 
adsorption rate. When using carbon detectors in such situations these 
effects should be considered, or another dye used which is not so sensi- 
Piveato mien asallt concentrations e.¢) Pontacyl Bralitane Pinks BCU... 


45100 Acid Red 52) (Feuerstein and Selleck 1963 p22). 


D. Competitive Effects in Adsorption 


Several authors have suggested that activated carbon shows a re- 
duced ability to adsorb dye after remaining in a stream for a period of 
time (Aley 1971) or after exposure to the atmosphere (Drew and Smith 
1969). This may be due either to a decay of the adsorption sites on the 
surface and a hindrance of access to them, or due to competitive effects 
with other adsorbable materials in the stream. A series of experiments 
was carried out to evaluate the significance of the decrease in carbon 


affinity for dye in both air and water. 


qt = - : mit , sien : : 77 : ; av A 
ee ee ag?t pvt real ehh 
a iret ieee i shad b Ws ag sats o 7 ¢ lid si 


hLehea® yactetrs =n | sage rmbt enter oval ' bine stew wna ak # ae 
oi. 


Pat tia i Aw » ] 798,92 vii it a igus gon og rebere wer 
: , __ 
ional ce 
ita rily is 9 le? na, El Oa ei) Bree ai Tia we 
7 . a 
7 i 7 ~_4 oo) " 
sow) P f : i ail ‘Tt f rig vero tt ie? tan LP ni wet "¥ 
5 7 


Pe ‘ 7 : ‘i 
wena ‘ = | i miki ‘a2 4 erie 44 Ta34 ie ule “ 
7 _ 
iy ia Luly 4) 45 cr nl | nit 
/ \ H ja ie ¥ / 4 i 
‘ af rr 1’ @ 77 t » b> AOLer/t} fi 
“ Pi rot : 7 7 ‘7 iy y ke oh) oe sy Aa 38 Va il 
aa) 
} Ps q ae < tj = | i] 
bs / - i Lv Ase) 3 i Mas ("tl 
| eric) ie 
» t ] ye) .wahiare J i j 4 
% ‘al { «| a ye a ’ ike 
a > =1 5 1 /- 
: @ 
. = _— 7p ve tA « i d rf “vn es ae 
ie) j if % 7 Ve7, ae 
: : . i ia mi 
) G~ SF aghu t 2G iach? jaeegs olf S. , 2m) Vem ae ‘ 


Tt rag § i | il t aepntauee i A bs q ei oes i’ 7 


* aL DA mai) aged poets mitt Xsan al aah 
efits ive, Packs pay hos iS be a ope 7 


4 4 aaa i «eye | n rata Br iQ otk ae mails: v4 


eomo al 7 P Lage pom (age 


bith st ns, . << 
gre 2 eee 


10g of sorted carbon of average particle size 2.19mm were placed 
in a 250ml beaker, the top of which was closed by a 15 denier nylon mesh. 
The output from a constant head tank, which had previously been adjusted 
to the desired flow, was placed in the beaker and tap water passed 
through the system. Flow rates of 3.12 1/min, 1.15 1/min and 0.45 1/min 
were obtained. For the two higher rates the carbon was agitated suffic- 
iently by the water flow, but for the lower one periodic manual agitation 
was employed to ensure even exposure of the individual grains. Samples 
were periodically removed from the carbon, washed in distilled water and 
dried in thin layers in a natural convection oven at 115°C. The drying 
time varied from 4 to 24 hours, but an experiment showed that variations 
as large as 4 to 48 hours did not cause any significant effect on the 
carbon. A batch run was then made using 0.lg of the carbon sample and 
ZOOM Or 23 35/5 x 10° pg/1 dye solution according to the normal technique. 
The equilibrium loading (x/m) and rate constant (k) were determined after 
completion of the run. 

A further 10g of the sorted carbon were placed on an aluminium foil 
sheet exposed to the laboratory atmosphere, and were sampled and run as 
above except that oven drying was not necessary. 

The results) abe shown in Fie. Lis LS and ies Lilisto.) Exposure to sa 
relatively dry atmosphere (average relative humidity of the laboratory 
over the experimental period was 33% at 21°C) over a 1000hr period pro- 
duced no appreciable change in carbon capacity or rate constant; the 
latter showed a rather unsatisfactory degree of variation. Two other 
carbon samples, air exposed for three and four months, showed no change 
in capacity or rate from the unexposed carbons. The main aging effect 


in activated carbon is an increase in the number of acidic oxide 
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Fig. [1:15 Effect of Flow Rate and Time-on-Stream 
on Adsorption Capacity 
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Fig. II:16 Effect of Flow Rate and Time-on-Stream 
on Rate Constant 
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functional groups at the surface on exposure to a moist atmosphere 
(Smisek and Cerny 1970 eh.4, Mattson’ and Mark 1971 che2))" This would not 
be expected to affect capacity when van der Waals forces are dominant, 
but may do so at low pH when hydrogen bonding is possible. It would how- 
ever be expected to have an effect on the rate constant, the dissociated 
acidic oxides retarding adsorption and internal transport of the dye 
anion. 

It can be seen that for the flow experiments using tap water, there 
is a marked decrease in capacity with time, the amount of which is pro- 
portional to the flow through the system. The rate data covers a ae 
range and the values show a relatively high variance; however, there is 
a trend to lower adsorption rate with increased time on stream. It 
appears that when changes in capacity occur the rate remains relatively 
constant as is well demonstrated by the two higher flow systems, but not by 
the low flow one 

The decrease in capacity with time is suggested to be due to ad- 
SOrpeion of Organic molecules from the tap water. Uhese occupy the sites 
at which the dye would normally be adsorbed, hence reducing capacity. 
Similarly the adsorption rate will also be depressed due to the lower 
bonding energy available and the presence of other molecules in the 
pores. The latter explains why all runs in tap water show rate constants 
well below that for the aired samples and for those in distilled water. 
Weber and Morris (1964a) have demonstrated similar effects between several 
persistent organic pollutants found in river waters. 

Support is given to this argument when the relative amounts of org- 
anic material in Edmonton tap water are examined. When snow-melt occurs 


oil and petroleum products from the streets are carried into the river 
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and hence into the water supply, in which they are sufficiently concen- 
trated to produce both distinct odour and taste. This was observed at a 
flow time of 900 hours for the two lower flow carbons (the high flow had 
finished at this time). It ean be seen that a change in’ gradient of the 
flow time/capacity curves is evident at this point, indicating that in- 
creased organic concentration caused a greater decrease in capacity. 
Quantitative water quality data has not beem examined to support this 
finding. A batch run using carbons soaked for 1190 hours in tap and 
distilled water gave capacities of 6880 and 5754ng/1 and rate constants 
of 0.0184 and 0.0110ng/g hr. for distilled and tap water respectively 
providing further support for the explanation suggested. 

Scanlan (1968) provides interesting support for these arguments. 
He observed that the background reading obtained on elution of detectors, 
which had adsorbed no dye, increased with time. Table II:1 shows data 
abstracted from Table 10 in his study. The values for different times 


are from neighbouring sites all in the same river. As background 


Tapa eon dea. Relation Between Adsorption Period and 
Background Fluorescence of Detector 


Time Background Fluorescence 
(days) (pg/L Rhodamine WT) 
On7 Paes) 
ste 8) ree 
Pea) 4.8 
Sil) O26 
4.0 14.4 
S150) re 
6.0 ibis 
7a0 LO ee 
Zee) 54.0 


fluorescence is due to dissolved organic material in the water, this data 


illustrates very well how detector capacity was progressively reduced. 
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It is satisfactory to use carbon which has been exposed to the air 
for periods of at least one month and probably longer. In situations 
where high dissolved organic matter content is present in the water, for 
instance in waters draining a bog or receiving effluent from a town or 
pulp mill, the detector capacity will be rapidly reduced depending on 
the flow rate through it. This is particularly important for low dye 
concentrations in that the high energy sites used are likely to be 
occupied first by the competing organics. Thus changing the detector 
more frequently than the recommended one week (Aley 1971) will be 


necessary. 
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Age ELUTION 


iL. Introduetion 

Since the introduction of the charcoal detector method by Dunn 
(1957), there has been little systematic work to improve the efficiency 
of the elution process. This is partially due to a lack of understanding 
of the desorption mechanism involved, which has caused close adherence to 
previous workers’ recommendations, and an empirical approach to development. 

This unsystematic process has been accentuated by the lack of soph- 
isticated instrumentation by workers using the technique - the actual 
efficiency of the method in terms of yield being irrelevant once a dye 
concentration above the visible threshold has been produced. Thus, if 
for a given sample a positive test was achieved without use of potassium 
hydroxide, it was assumed that this reagent was not necessary in all cases. 
This tendency has probably caused a large number of positive traces to be 
wrongly assigned to an inconclusive category. Thus considerable resources 
in terms of man hours and money have been wasted by failure to employ a 
method which produces a maximum possible dye concentration in the elutant 
liquid. However, even with the availability of fluorometers and spectro- 
photometers this "threshold" approach has continued; for instance both White 
(1967) and Drew and Smith (1969) use the spectrophotometer merely anes 
arate fluorescein from background fluorescence, making no attempt to deter- 
mine concentration. 

It is difficult to assess the validity of much reported work due 
to the method of presentation normally employed. This is commonly in the 


form of specific recommendations on techniques, rather than as discussion 
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of the results of experiments designed to optimise the elution procedure. 
To the writers knowledge, Scanlan (1968) is the only worker who has pres- 
ented such experiments. Unfortunately much of his work must be rejected 
because the comparisons between systems attempted were not controlled 
with respect to dye loading on the charcoal. 

The majority of the work on elution has been with the more commonly 
used fluorescein/charcoal system. Only Scanlan (1968) and Aley (1971) 
have investigated the Rhodamine WT/charcoal system with which this work 
is concerned. A summary of the techniques recommended by various workers 
is presented Aanwtapie ill: 

It can be seen from this Table that recommendations on the elutant 
composition, temperature, volume in relation to the weight of charcoal, 
and condition of the charcoal are variable. These are thus obvious 
variables for investigation. In addition to these "environmental" 
effects, different dye charcoal interaction effects were also assessed 
with a view to development of a quantitative process. Variables consider- 
ed were dye loading on charcoal (loading), the time ellapsed since adsorp-— 
tion (time since adsorption), and cee dye concentration. These three 
variables were all found to be significant in preliminary experiments. 

Several elution techniques are available; the most commonly used 
is the batch system in which a known volume of elutant is added to a 
eivem weight of charcoalj;vand the dye cencentratiom released 1s estimated 
after a given time. This is the best system for visual determination; 
tivisVeasy to wise, and ‘readily reproducible. However), tt does mot, re- 
lease an optimum quantity of dye because the concentration in solution 
and on the charcoal reach an equilibrium. The column system , whereby 


a known volume of elutant is passed through a column containing the 
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charcoal, does not have this disadvantage. However, it is more difficult 
to use and reproduce, and yields a large volume of low concentration 
elutant. In view of the larger quantity of dye released, and the ease 
of concentration by evaporation, it is surprising this method has not 
been applied. By employing a Soxhlet extraction apparatus both elution 
and concentration can be carried out in one process. This extraction 
technique, which is readily reproducible, is the best available. The 
apparatus is however fairly complex and expensive. 

In the present work a batch system has been used. Tests using the 


column technique showed that due to varying viscocities the flow-through 


times varied for different elutants, introducing a further and unnecessary 


variable. The use of an equilibrium system, whose end point is readily 
determinable, was also preferable to one where diffusion from within the 
charcoal could cause an extremely slow approach to this concentration. 
Furthermore, as the batch system is the most widely used, experimental 
findings from this study were more readily translatabie into practical 
recommendations. The large number of experiments anticipated precluded 
the use of a Soxhlet extraction apparatus. 

Preliminary experiments were carried out to determine the general 
form of elution/time curves and to test the batch methods used. It was 
found that stirring caused comminution of the charcoal particles, and 
hence a problem in fluorometric analysis due to fine suspended fragments. 
Attempts to separate these by centrifuging produced enormous changes in 
the concentration of the eluwtant (e.g. an increase of 5007 for an un— 
centrifuged concentration of 58 equivalent fluorescence units (see below 
for definition) ). These were clearly erroneous, and could not be ex- 


plained by either the removal of the suspended matter, volume change, or 


the 
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presence of contamination. Their origin remains unsolved. Continuous 
stirring was not therefore adopted, periodic manual agitation being used. 
The general form of concentration/time curves for elution is shown 
in Fig. III:1. Characteristic points on these curves seemed to be 
initial fluorescence, maximum fluorescence, time to maximum fluorescence 
and duration of maximum fluorescence. These points were used for compar- 
ison purposes in all later work. Fluorescence is employed rather than 
concentration in view of the large number of calibrations necessary when 
employing varying elutants. Furthermore detectability is, in many ways, 
of more importance than concentration. All results were changed to pe/l 
of Rhodamine WI, using the standard calibration curve for water solvent, 
and their values expressed as equivalent fluorescence. This effectively 
linearised fluorescence and produced scale conversion factors. The limit- 


ations of this approach are acknowledged. 


2. Elution Conditions 


A. Weight of Carbon and Volume of Elutant 
50g of 8-10 mesh activated carbon were added to a 450ml aqueous 

solution of Rhodamine WT of 2.38 x 104 pg/i concentration. Adsorption 
was complete after twenty four hours. The liquid was filtered off, the 
charcoal washed in distilled water and dried in a natural convection oven 
in thin layers at 115°C for 24hrs. It was homogenised and samples of the 
desired weight were transferred into 60 and 125ml ground glass stoppered 
Pyrex-glass bottles. These were placed in a constant temperature water 
bath at 40°C to warm. Measured volumes of 75% ethanol in water at 40°C 
were pipetted into each bottle, and 3ml samples were taken at appropriate 


intervals for fluorometric determination of the dye released. Sampling 
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was discontinued when fluorescence had declined from the maximum value. 
All samples were returned, to avoid appreciable volume loss. Dilution 
was employed where concentrations were above the range for fluorometric 
determination. All results were corrected to a temperature of 21°C using 
correction factors determined during the experiment. 

The weights of charcoal employed were 0.25, 0.5 and 1.0g with 80, 
40 and 20ml of elutant, duplicate determinations being made. In addition 
volumes of 5, 10 and 2.5ml were used on the 0.25 and 0.5g weights without 
replication, and weights of 4 and 2g were run using 20ml of elutant. 

Fig. III:2 shows the relation between maximum fluorescence and the 
ratio of volume of elutant to weight of charcoal (v/w hereafter). There 
is no difference between maximum fluorescence values for a given v/w 
produced by varying either charcoal weight or elutant volume. It is evi- 
dent that low v/w ratios give very much higher fluorescence values than 
higher ones, readings rising rapidly below a v/w of 10ml/g. The time to 
maximum increases with higher values of v/w, but the relationship is non- 
linear. Data for duration of maximum is incomplete due to excessively 
long times at high v/w values. It can be seen however, that this variable 
increases very rapidly from zero at low v/w values to times in excess of 
fourteen hours by a value of 80ml/g. 

These observations may be interpreted with reference to two equili- 
brium reactions occuring in the elution system. The first is between dye 
on the charcoal surface removeable by elution, and dye in the elutant 
solution; and the second between the dye in solution and dye readsorbed 
on the charcoal at vacant sites. The loading used in these experiments 
is relatively low compared to equilibrium values (429ng/g compared to 


1500pg/¢g) and hence vacant sites, where dye readsorption may occur, are 
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present. This explains why all elution/time curves studied in this 
work decrease after reaching some maximum fluorescence value. 

The dominant equilibrium in this system is that between desorbable 
dye on the surface and dye in solution. This is indicated by coincidence 
of the values for runs where weight of charcoal alone was varied, with 
those where volume of elutant only was varied. To produce this result 
A greater equivalent mass of dye must be removed from the charcoal in 
high volume solitons than low volume ones of the same v/w value. This 
is well illustrated invfig s tli:3. Thus relative  coneentration, not mass 
of dye released, provides the control on the dye concentration in the 
elutant. 

Examination of the gradients for the equal weight curves in Fig. 
III:3, shows that for low weights of carbon and high volumes of elutant, 
little additional dye is released with further volume increase. Higher 
weights do not show this low gradient. This indicates that dye availa- 
bility i.e. mass may become a controlling factor with very high volumes, 
the limit depending on the weight of charcoai (and hence mass of dye) 
used. This observation is in accord with the differences between batch 
and column elution, the former with high volumes approaching the latter 
with low volume. 

Time to maximum is dominated at low v/w by the initial very rapid 
release of dye from the carbon surface. This is nearly instantaneous 
compared to the slower intra-particle transport rate-controlled desorp- 
tion occuring from inside the particle. It therefore produces very high 
solution concentrations, which retard desorption of dye from the internal 
surface of the carbon and also enhances readsorption, the rate of which 


is proportional to solution concentration (Weber and Morris 1964a). 


tof , pe 


baikiws S014 


mm ‘Ly 
7) 
{ y 
' 
‘ ' j 
lies ‘1 


= 
pen bk Incean 


ew W gh peliey ; 


ne? {4 
’ 
F 
bs 24h 
J 
' 
! ' 
* iy 2 


ivmnitin 


57 NIH ee ate i i an 


[pens i: ae 


way at ati See! id ceed aunt we ede 2 


_ 
4 ’ 
aus ay ° BF 


[yd amy Oe ane sii m1 


ae 
; oe a P , 
of” tebgev een inated. 2 mc ay 
- : 7 ‘thers 
wot, ih CM Ly etait ay view 
—— 


: r Pa 
. Pome ool oy we geil’ array in hte Simhat Re 
i he i ewily ,, J y | a H v2 Of 


c ne AGA Ani >) Vee 


id > 
@ 4% 
I ’ iy et ~~) (j 4 
Lyi i us Jip hie WO), at 
’ ! 
4 
F) ' bed , ea J 
i [ 16.4 1 7 
| 1 Sul hog OG vee an | Gia 


v4 VS peat 13° OF wh Gty jag ft ivy) | 


sm. AGP Lane iia ft Fh ed saeeka 


* * 1 am - it 


; 
ey atu GE Lage ; mvt any ,) 


ay oes | hs 


: v wie shah / ») el o4 mptia a Via et 


te 


7 7 


hap 7 sh a Habs ale ; ae aT | 


Hat bites —- ie cat 


“ m Z b | ’ a 


.- 


e. 
Nt ‘aie ey & a 


wen rr enw 
er. 


68 


cies Reage ieg Theoretical Time/Dye Mass Relationships in Elution 


A. Low v/w Value 


40 


30 


Cumulative 
Mass 20 ff 
of Dye 


O } 
Time 
Dye Released <--== Dye Readsorbed 
——- Dye in Solution (Concentration) 
B. High v/w Value 
30 
20 
Cumulative 
Mass 
of Dye 
10 
0) 


a2 a 
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Hence time to maximum is short. (Fig. III:4A). 

At high v/w values the concentration of elutant produced by rapid 
release is considerably lower, permitting effective transport of dye 
from the internal surface and beans readsorption. A longer time to 
maximum results. Due to the far lower concentrations found beyond v/w 
values of 20ml/g, both desorption and readsorption rates are much lower, 
the increase of adsorption with concentration being positive and non- 
linear (Weber and Morris 1964a and above pl1g). Thus the equilibria will 
not adjust rapidly, giving low relative rates of change in release and 
readsorption, and consequently long maximum fluorescence durations (Fig. 
III:4B). In fact dye release/readsorption into bulk solution probably 
does not occur at high v/w values, but the dye molecules migrate on the 
charcoal surface from a release site to a readsorption site. 

Thus these results indicate that a column type of operation has an 
inherently higher minimum detectability, if concentration is employed, 
due to the increasing weight of dye released with large volumes of 
elutant. It does however have problems due to extreme equilibrium time. 
Optimum conditions for batch operation are low v/w, as has been widely 
employed (Table [1ll:1), and is intuitively comrect= “If £lucrometric 
detection of elutant concentration is employed, an intermediate v/w is 
desireable, as this produces an enduring value of maximum fluorescence 
for determination. It also yields lower fluorescence, allowing easier 
and more sensitive determination. However, in practise a low v/w value 


will ensure detection of the eluted dye and is therefore more suitable. 
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table UL eZ 
Code Weight 
(g) 
W* 20 
S 30 
Mt 25 
[es 20 
N 60 
r 30 
V 30 


* 0.5g samples used. 
+ 40ml elutant used. 


x “Not standard’ Carbon. 


Activated Carbon Samples Prepared for 


Elution Evaluation Experiment 


Volume 
of Dye 
(m1) 


500 
1000 
700 
220 
1000 
500 


500 


Dye 
Concentration 


Guy) 


OS ax 


path ste. aL 


Time of 
Adsorption 
(hr) 


480 


160 


Loading 
(pg/1) 


298 


MESES) 
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B. Elutant Composition 

Seven lots of activated carbon were prepared with various dye 
loadings as shown in Table III:2. After adsorption the liquid was sep— 
arated, the charcoal was washed in distilled water, and dried in thin 
layers in a natural convection oven for 24hrs at 115°C. The carbon was 
homogenised and lg samples were weighed into 60ml Pyrex-glass bottles 
with ground glass stoppers. The bottles were randomised and numbered. 

Twenty one elutants were prepared using methyl and ethyl alcohol 
as solvents and various concentrations of sulphuric acid, nitric acid, 
potassium hydroxide, ammonium hydroxide and Fischer "Sparklene'" deter- 
gent. (see Table III:3). 20ml volumes of each elutant were added to each 
weighed sample of charcoal, such that a completely crossed two-way exper- 
imental layout was obtained. Samples were pipetted from each bottle at 
appropriate intervals and dye fluorescence determined fluorometrically, 
until values declined from the maximum. All samples were returned to 
avoid appreciable volume loss. The experiment was Conducted ate? LeCen 
G2 

The results were analysed in three 2 Way Model I analyses of vari- 
ance, using the "BIOMED" program BMDO2V. Specific contrasts were also 
calculated using a program written for the Olivetti Programma. It was 
found that the samples were not completely homogenised with respect to 
particle size, causing considerable variance in duplicate determinations 
made from the first and last samples in a batch. Proper randomisation 


allowed this variance to be estimated in the error or residual variance 


in the analysis. Also included in this sum were interaction contributions, 


which were assumed to be negligible. The Analysis of Variance Tables are 


given in Table III:4, and the marginal means for all elutants, which give 
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Table III:3 Marginal Means from Elutant Evaluation 
Analysis of Variance 


Time to Duration 
Elutant Maximum Fluorescence Maximum of Maximum 
Cavtawt.) (Equiv. Fluor .Units) (mins) (mins) 
Methanol 
LZ KOH 137 22 28 
5% KOH 124 idee 14 
0.5% HySO0, 109 214 18 
5% H,SO4 65 9 28 
O25 HNO 3 98 30 zal 
By HNO. 46 10 14 
7 NH,,OH 424 42 48 
yo NH, OH 288 50 49 
10% NH,0H 149 35 49 
100% Methanol 316 26 35 
Ethanol 
1% KOH 83 83 ts, 
5% KOH 50 44 16 
O57 H, SO, 27:0 61 47 
Sy4 H»SO, 193 ay | 56 
ORD, HNO 4 234 90 38 
5% HNO3 148 58 36 
1% NH,OH 287 109 49 
57 NH,OH 681 46 53 
107, NH,,0H 648 179 74 
Detergent 558 23 98 


100% Ethanol Tee 14 56 
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Table IlIl:4 Results of Analysis of Variance for Elutant 
Composition Experiment 


Maximum Fluorescence 


eource.o:. Variation Degrees of Freedom 


Elutant 20 
Carbon 6 
Residual 120 
Total 146 


Elutant and Carbon effects both 


Time to Maximum 


Source of Variation Degrees of Freedom 


Elutant 20 
Carbon 6 
Residual 120 
Total 146 


Elutant and Carbon effects both 


Duration of Maximum 


Source of Variation Degrees of Freedom 


Elutant 20 
Carbon 6 
Residual 120 
Total 146 


Elutant and Carbon effects both 


Sums of Squares Mean Squares 


5126000 256300 
9700000 1617000 
8530000 71080 
23360000 


Signiticantsat 99.97 


Sums of Squares Mean Squares 


232500 11630 

82830 13800 
294600 2455 
609900 


Significant at99.97 


Sums of Squares Mean Squares 


61980 3099 
34980 DoZg 
SUA 431 
148700 


sienificant at 99.97 
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true estimates of effects in the analysis of variance, in Table TII:3. 

Both elutant and charcoal effects were highly significant, there- 
fore specific contrasts to determine the best elutant, in terms of maxi- 
mum fluorescence yield, were calculated. Maximum fluorescence gives an 
estimate of maximum detectability as it comprises both fluorescence 
efficiency in the solvent and dye concentration. It was found that the 
use of ethanol as solvent gave significantly higher yields than methanol 
(at 95% significance level); this result was also found for samples with 
ammonium hydroxide additive only. The 1% and 5% concentrations for this 
additive gave significantly different results (99% significance) but the 
5 and 10Z results were statistically inseparable as was the 5% and 10% 
compared to detergent. It can be seen that the use of acid additives was 
not successful; both these and potassium hydroxide giving inverse relat- 
ionships between concentration and maximum fluorescence, indicating sup- 
ression of dye release. Other additives which were examined were lithium 
hydroxide, sodium hydroxide and detergent (in methanol) and other solvents 
chloroform, benzene, butanol, acetone and turpentine. None of these were 
successful. 

It was noted that an approximate relationship between the water 
content of elutant and its yield was present - potassium hydroxide prep- 
ared from a solid was very poor, the acids, produced from very concent- 
rated solutions (99%, and 76%), were intermediate, while ammonium hydrox- 
ide, from a 28% solution and detergent in a 50% solution, were both good. 
A second experiment was therefore prepared to investigate the influence 
of water percentage on elution. 1-propanol, 2-propanol and acetone were 
used in addition to methanol and ethanol, because dye release appeared to 


increase as the primary alcohol series was ascended. 
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lg portions of a carbon loaded with 78pg/1 of dye (30g carbon plus 


2 
~~ 


500ml 4.76 x 10” pg/1 solution for 24hrs) were weighed out into 60ml 
Pyrex-glass bottles with ground glass stoppers. (It was found in the 
previous experiment that loading did not change the relative order of 
elutants with respect to maximum fluorescence values). These were ran- 
domised and, to each, 20ml of the selected solvent/water mixture was 
added. All solvents were completely miscible, hence butanol was not in- 
cluded in the experiment. 3ml samples were taken at an appropriate time 
interval, and their fluorescence determined on a fluorometer, until the 
values decreased from the maximum. All samples were returned to the bot- 
tles to avoid volume loss. The temperature was 21°C t 1°C. 

The relation of maximum fluorescence to percentage water in the 
elutant is shown in Fig. III:5. It can be seen that there is a large 
difference in fluorescence values due to the use of different alcohols 
(the higher the molecular weight the more dye released). Molecular geo- 
metry is also significant, the straight-chained 1-propanol being signifi- 
cantly better than the branched-chain 2-propanol, which is better than 
the corresponding ketone acetone. Furthermore, ascending the homolo- 
gous series there is a trend towards higher percentages of water produc- 
ing maximum fluorescence. On applying calibration correction factors to 
allow determination of absolute concentrations, the curves are reduced 
in magnitude but show the same overall form, indicating that the effect 
is not merely due to the influence of solvent on the quantum efficiency 
of fluorescence. The results are in contrast to the work of Hassler and 
McMinn (1945), who showed a simple inverse relationship between the 


amount of malachite green adsorbed and percentage ethanol in solution. 


(Amounts adsorbed and desorbed are inversely related). 
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Moloney and Findlay (1924) suggested two basic Penieaiane of des- 
orption, while Hassler (1963 p245) added a third:- 

1) Lowering the potential for adsorption of a solute: this includes 
changing the solvent system and other solution conditions, such as pH and 
temperature, to cause desorption. For instance methyl violet may be re- 
leased from charcoal by use of ethanol as a solvent. 

2) Replacement of adsorbed phase with another substance: for in- 
stance desorption of methylene blue, safranin and methyl violet with 
aqueous soap solutions. 

3) Alteration of the chemical nature of the surface or adsorbed 
phase to cause release: for instance conversion of organic acids to their 
sodium salts may cause partial release from charcoal. 

Mechanism 3) above appears unlikely because, although there is a 
change in the dye spectra in ethanolic solutions, the dye appears subs- 
tantially unchanged. Furthermore the exact nature of such a change under 
the prescribed conditions is somewhat problematic; at most it could be a 
disruption of dye micelles due to association with the solvent. The sol- 
ubility enhancement approach is also unsatisfactory; although temperature 
and pH do cause differences on elution, these are minor when compared 
WEEethe etfects of chaneing the jsolvent. Thevlatter is theretore the 
controlling factor. As Rhodamine WTI is a polar dissociated organic acid, 
tesqsolubLlitey imiwatereiswhigh.| It is wmlikelyytiatgin becomes increa= 
singly soluble as the alcohol used becomes more hydrocarbon in character. 
This is supported by its very low solubility in benzene and chloroform. 
However desorption increases markedly ascending the homologous series 
and is zero for water alone, thus disproving this mechanism. 


Replacement of the dye by adsorption of another molecule, in this 
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case the solvent, therefore appears likely. This is supported by the 
data in Fig. I1I:5. Adsorption of alcohols (equated with desorption of 
the dye) follows the modified form of Traube's Rule, which states that 
increasing adsorption is expected ascending a homologous series. 
(Hassler 1963 ch.9, Kipling 1965 pl79-181, Weber 1967, Smisek and Cerny 
1970 ch.4, Mattson and Mark 1971 pl67-170). Furthermore steric effects 
in branched-chain molecules are well known to cause decreased adsorption 
(Dzhigit et al 1948, Hassler 1963 ch.9, Weber and Morris 1964b, Smisek 
and Cerny [S70 che4), as is found in the case of 2=propanol.., It as now 
necessary to consider the mechanism of this replacement. 

The mechanism of dye adsorption was discussed previously; it was 
concluded that van der Waals forces were probably responsible, though 
electron donor/acceptor complex formation and a small amount of hydrogen 
bonding may also be important. These conclusions are supported by the 
elution studies. If van der Waals forces dominate adsorption, Davies 
(1968) argues, then the tendency for a system to reach the lowest possible 
energy state will preclude the replacement of a large molecule by a small- 
er one, due to the lower free energy of adsorption of the smaller mole- 
cule. Evidence to support these arguments have been presented by Giles 
and D'Silva (1969) for anionic and cationic dyes adsorbed on activated 
carbon and bone char. One dye may replace another on the surface only 
if.it has’ a larger molecule, and hence larger van der Waals attraction: 

In the elution work presented, it is clear that relatively small molecules 
are responsible for displacement of the much larger dye from the char- 
coal) surface. 

The simplest explanation for this effect is that the dye is adsorb- 


ed by some specific interaction with a surface functional group or site, 
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for instance by hydrogen bonding (Ward and Getzen 1970), for which the 
alcohol has a greater affinity. Both Smisek and Cerny (1970 ch.4) and 
Kipling (1964 p173) note that alcohols are bonded onto polar functional 
groups, rather than being held by van der Waals forces. The latter 
author suggests hydrogen bonding between the alcohol and oxygen or other 
electro-negative atoms in the functional group, is the cause of this 
strong attraction. Coughlin (1969) presents data for gas adsorption of 
methanol, which shows that 40% of the bonding energy onto a carbon sur- 
face may be attributed to dispersion forces, while 60% is from interact- 
ion with permanent dipoles. It therefore seems likely that displacement 
of dye on polar sites by alcohol can occur. Hassler (1963 p200) provides 
support for this view by showing that specific sites are occupied both 
by methylene blue and malachite green on various carbons, which ethanol 
is capable of blocking. 

However, the polar nature of alcohols decreases with an increasing 
number of carbon atoms, and, as has been shown by Gasser and Kipling 
(1970), the adsorption on polar sites becomes less. It is therefore 
difficult to explain the marked reverse effect injthe elution experiments 
if only polar sites are considered. Alcohols are also adsorbed from 
aqueous solutions where no polar sites are present, for example on Graphon, 
a high temperature modified carbon black (Hansen and Craig 1954), or when 
polar sites have been saturated (Gasser and Kipling 1960). In these in- 
stances van der Waals forces are operative. Hence the effects of increa- 
singly hydrocarbon character ascending a series, and the resultant in- 
creased solute/water repulsion operate (Weber 1967). This is indicated 
by the increasing heat of adsorption found ascending a homologous series 


and, less regularly, with increasing molecular weight; furthermore the 
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value for straight-chain molecules is higher than for the equivalent 
branched-chain. (Hassler 1963 ch.9). Thus Traube's Rule applies as was 
shown for primary alcohols in aqueous solutions by Dzhigit et al (1948). 
This appears to be the case in elution experiments. 

Recently Manes and co-workers have developed the Adsorption Poten- 
tial approach of Polanyi for adsorption from solution. Manes and Hofer 
(1969) have shown that it gives reasonable prediction of results for two 
dyes in various solvents. They therefore suggest that where van der Waals 
forces are operative the extent of desorption for a given solvent may be 
found from the adsorption potential of the solute in that solvent. The 
adsorption potential can be calculated from a characteristic adsorption 
curve, the solubility of the solute in the solvent and the molecular pol- 
arizability of solute and solvent. (Hofer and Manes 1969). The theory 
predicts the most significant effect, for a given solvent, on systems of 
high molecular weight solutes and low loading. This approach is in con- 
trast to that of Davies (1968) discussed above, in that) it allows for 
elution of large molecules by ones of considerably smaller size. 

Thus in the elution experiments, although some of the dye may be 
released by the bonding of alcohols onto polar groups, it is probable 
that the larger alcohol molecules operate by competitive adsorption dom- 
inated by van der Waals interactions. Unfortunately it is not possible 
to test this hypothesis with Hofer and Manes' theory, as the necessary 
data for Rhodamine WT is not available. Its application could however 
be attempted with rhodamine B,. and fluorescein, the compositions of which 
are widely known. 

It is significant that addition of water to the eluting alcohols 


produced considerable increase in the amount of dye desorbed. This cannot 
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be due to the low adsorption potential of water (Wohleber and Manes 1971) 
since that for the alcohol alone is smaller than for the mixture. It 
may, however, be due to competitive effects of the solvent and solute. . 
Gasser and Kipling (1960) showed that the higher alcohols compete more 
effectively with benzene (solvent) at high concentrations than at low 
ones, when the lower more polar alcohols are more competitive. Dzhigit 
et al (1948) demonstrated that the maximum concentrations for adsorption 
of miscible alcohols from aqueous solution, decreased the greater the 
molar volume of the alcohol. This is in accord with the present findings, 
though the maximum concentrations are considerably different, perhaps 

due to the different carbons used. 

In this study however, the effect is most easily explained with 
reference to the solubility of the dye. In methanol, which has small 
polar molecules most similar to water, the alcohol alone proves etfective 
in giving high maximum fluorescence, as the dye is readily soluble in it. 
However, decreasing solubility in ethanol and the propanols, cause the 
optimum mixture to contain progressively more water, because increased 
solubility in Bee produces lower adsorption, and therefore more des- 
orption, according to Lundelius' Rule (Hassler 1963 ch.2, Weber 1967). 
Once a given water content has been exceeded however, the decreased 
alcohol concentration lowers the amount of dye desorbed to produce a 
decline in fluorescence values. Although no solubility measurements have 
been made to test this hypothesis it is supported by the fact that 100% 
1-butanol, which is sparingly soluble in water, releases no dye from car- 
bon. However, if water is added then dye is rapidly desorbed - 1-butanol 
from solution is adsorbed on the carbon replacing dye, which goes into 


solution in the water. More butanol dissolves to replace that adsorbed 
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from solution. A similar process using chloroform was reported by 
Steenberg (1941) to elute methylene blue from charcoal. 

Hamilton (1963 and 1966) has shown that the azeotropic mixture of 
two solvents provides the maximum extractive capability. It is probable 
that these are the optimum mixtures in this case also. Acetone and meth- 
anol do not form azectropes (constant boiling point mixtures) with water, 
but the values for l-propanol (56.8% water) and 2-propanol (31.5% water) 
are very etose to the maximum in Fie. Tlli5.. That. for echanol (10762 
water) does not show such good agreement. No explanation of this effect 
has been suggested by Hamilton. It might be fruitful to experiment with 
l-propanol and 1,2-dichloropropane or 1,2-dichloroethane, (Hamilton pers. 
comm.). 

The basic mechanisms of desorption have been discussed above but 
the effects of various inorganic additives have not been mentioned. The 
effect of pH on elution may be important as it can strongly change the 
solubility of weak electrolytes and therefore effect adsorption. For in- 
stance Rhodamine WT, if separated from its associated gegenion, can be 
precipitated in strong mineral acids, due to formation of the free mole- 
cular acid, which has low solubility. Highly soluble materials in general 
are poorly adsorbed, and therefore if conditions for adsorption correspond 
to those of maximum solubility, elution will be at a maximum. The effect 
of pH and ionic strength on adsorption of the dye have been discussed 
previously (p39); neither effect will be very important compared to sol- 
vent variation. The chief purpose of alkaline additives in elution is to 
produce optimum fluorescence of the solution, and cause complete diss- 
ociation of the dyestuff. Thus small amounts only are needed to produce 


pH values of approximately 9 for Rhodamine WT, 10 for rhodamine B and 12 


7 _ [ hi 
; 7 +s s > 
: “a Gia ’ nee wh a Went vad irseie y 


; Tiere pra33 rian ” ’ 0 iin 


biting 9 wi ee ee mos bit 


. i 


“he f 128 tauarbem all} : At wily te 
iso 
ae gba omy 4 Di jam! @qe ait) _ " 2 
ry - ~ 7 


bh, (MORONS)! O84 714 eT ats 


i a 
Ay hy 4 
hy 
| r oe i 4 j ‘ 
Tr ye ( 
! a ; 1 
rn 
| ] J hie ‘ 
- 
Sy 
79 fm 5 
a 
: . ea 
i =) ae ivi used) | wars 
> 
u _ _ 
j 71h &f puede, eo ubeis 2 a te soothe 
} é ae} ¢ i 
oe 
BATS te on 
| i we 
i ¥ ‘ ipowe i Ai nat } 


yi | ' | j ' 0 Ve 7 é 2 oqiea! baie oes is Ras! i 
4 meh At y : aay Pi gaa Pi ‘ulm Gee inl te anal 
: a 3 7 _ i. 
I [my ayes ia dads Hg ini ts oT t ind | 
fair as. fv beh chiles “eee oy tas, eddie soe , i? ule 
' 


= 


_ ed GO), eet PE > iF) Se cans aula Haluh a we 
a am ; _ 


— as > G4 Peplai a4 fig (a ad jel ea aa . biel TT. 
a é i - ' wu _ - Ue . 


Bey A A tegh meys y hari jm oul |) eae ai 


Fe ea hooribo ste. 7 ada 
7 ay 


TAS IIIs 


Elutant 
CE by vol) 


IU NH, OH/EtOH* 
99.2% EtOH 

5% NH,OH/EtOH* 
O57 Zot OH 

10% NH,OH/EtOH* 
91.4% EtOH 
90% 1-PrOH 
75% 1-PrOH 
50% 1-PrOH 
29/7 e-Prow 
75% 2-PrOH 
50% 2-PrOH 
25/2 2=FEOU 
foe EEOn 
50% EtOH 


Best Elutants for S Charcoal 


Maximum Fluorescence 
(Equiv. Fluor. Units) 


we 

90 
186 
120 
245 
170 
piliZ 
670 
850 
645 
490 
610 
367 
362 
310 


Time to 
Maximum 
(mins) 


30 
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Duration 
of Maximum 
(mins) 


20 


+ Decline from maximum did not occur before 
sampling ceased. 


x % by weight. 
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for fluorescein (Feuerstein and Selleck 1963, Moser and Sagl 1967). 
However it is apparent that ammonium hydroxide serves a dual 
purpose in elution; it stabilises fluorescence and augments desorption. 
The best elutants' properties, with respect to charcoal S, are shown in 

Table LIL:5. Values for ethanol of equivalent water content to the 
ammonium hydroxide samples are given below each appropriate reading. The 
effect of the ammonia is evident, it increases with concentration. It 

is generally recognised that ammonia is a readily adsorbed polar mole- 
cule, (Thorne and Ward 1939) which bonds onto polar functional groups. 
(SmiS$ek and terny 1970). Thus the results indicate that some desorp- 
tion of dye by replacement on specific sites by the more polar compound 
ammonia does occur. Moloney and Findlay (1948) have used aqueous ammo- 
nia solutions to desorb insulin from charcoal, and Frieden (1944) des- 
cribes the use of hot 5% aqueous ammonia for elution of folic acid from 
activated carbon. The additive has also been employed specifically for 
fluorescein and rhodamine B by Webb et al (1962) in toxicological studies 
of these dyes. Various alcohols were employed including methanol with 
2.8% ammonium hydroxide in 80:20 ratio,and 1-butanol with 28% ammonium 
hyaroxide in 96'2 ratio emulision,to Separate the dyes and their deriva-— 
tives from faeces and bile. 

The mineral acids and also potassium hydroxide give decreased des- 
orption in relation to their respective pure solvents. This may be due 
partially to decay of the dye fluorescence due to conversion to the 
leuco-compound, but is probably also related to the increased ionic 
strength of the solution. The failure of acids to desorb the dye indi- 
cates that different adsorption mechanisms are operative for these and 


the dye. Dye adsorption is dominantly controlled by molecular size and by 
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hydrogen bonding, rather than specific ion - ion interactions related to 
its overall negative charge, as is the case for adsorption of acids 
(Mattson and Mark 1971 ch.6). 

It thus appears that desorption of Rhodamine WT is dominated by 
replacement of dye, held by van der Waals forces at the carbon surface, 
due to competition from the alcohols. However, some dye is also released 
by strongly polar compounds, indicating that some specific bonds, probabiy 
hydrogen bonds, are also broken. The readsorption of dye which occurs 
during desorption appears to be contrary to any expectations. However 
the elutants used are unable to adsorb on thell bonding sites of the basal 
planes of the carbon skeleton, where no functional groups are present 
(Snoeyink and Weber 1967), as they do not have the requisite electron 
orbitals (Mattson and Mark 1971 p220). These are probably not populated 
by adsorbed dye until the higher bond strengths to polar sites have been 
satisfied. They therefore remain vacant and are available for readsorp- 
tion of the dye released from polar functional groups on elution. 

By employment of higher molecular weight secondary or tertiary 
alcohols e.g. glycerol and ethylene glycol, further desorption from 
van der Waals sites could occur, and biocking of readsorption sites would 
also be expected. An aromatic alcohol, for instance phenol, could cause 
desorption and blocking of the charge transfer sites on both TT electron 
systems and surface oxide functional groups, and might therefore prove 
an excellent elutant. Further experimentation utilising these, now that 


the elution mechanisms have been explained, would be worthwhile. 


C. Temperature 


Two activated carbon samples were loaded with dye to give values 


| pe) Sees 


: ae Sf 
wae — A ss 


7 
7 iin i pet afi ae da’ vine 
ma oe +h even “i 
i ‘ : 
vil Wee 44 wi Tee o) nave ae = a Aimmgen at 
‘ ' 
; = wt. avaen i nie! on a +f 
ver —s a 
; i whith rhe mh? orn? oles 7eqe ‘b 
y i 7 ; 7 - a 
; ; CoP speaapral en 
Da a - 
iti ime mem 4 7 
5 _—— 
PTETINEOD &4 ciqe 7 a4 bie ah, On ht ib 
| iy 4 he ; h iow Sen re 3 oH: 
+ _ 
| whi Pein hbes. bot’ ra 
a 
6 
{ } w4 se 
i ru U ‘ a 
in| I ; L @'4 ATT 
i | at 
of " : ; i ) Tl 7 
% 
ae a biol why tis ; 
‘y " , ~ ; > j i i y { 
i a ; : val ti wa spon 7 
i ® hort) y* ji i init! "J A 
i - 
7 ; 1 - 1 ., 
ie ar ii ) tre si _ { : ; y nyt? ee 4 Ves ard Diitubul’ tas 
: wry = 


3 a tiga Lite | i rein “oa ; 


of 78ng/g (500ml 4.76 x 10° pe/1 Solution +302 carbon ton 24hrs) and 
298pg/¢ (as for carbon W in Table III:2). They were washed in distilled 
water and dried in a natural convection oven at 115°C for 24hrs in thin 
layers. 1g samples were weighed into 60ml Pyrex-glass bottles with 

round glass stoppers. These were warmed in a constant temperature 
water bath to the desired temperature and 20ml of 50% ethanol, at the 
same temperature was added from a pipette. Samples were taken at approp- 
riate intervals using a prewarmed pipette and cuvette and their fluores- 
cence determined on the fluorometer. Sample temperature was not measured 
as a suitable low mass probe was not available. Correction for change in 
fluorescence with temperature was made by determining the difference in 
reading for prepared samples at the elevated temperature and room temp- 
erature (21°C us 1°C). All samples were returned to avoid appreciable 
volume loss. Sampling was discontinued when fluorescence declined from 

a maximum. 

Water bath temperature was constant 2 1.0°C. Temperature values 
of 20, 30, 40, and 60°C were selected, the upper limit being set by the 
boiling point of ethanol (78.3°C). The experiment was replicated three 
times. The S samples had very poor homogeneity with respect to particle 
size; the runs at 20, 40 and 60°C were randomised but that at 30°C was 
added later and had appreciable smaller particle size than the others. 
This may explain its significant difference from the other results. 

Fig. III:6 shows the effect of temperature of elutant on maximum 
fluorescence expressed as a mean ratio to that at 20°C. A good linear 
relationship is shown except for the 30°C run for carbon S. The S carbon 
uncorrected values indicate that visual detection will be decreased at 


high temperatures, due to the large decrease in fluorescence with 
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Fig. II1I1:6 Effect of Elutant Temperature on Maximum 
Fluorescence 


carbon (159pg/g) not temp. corrected 
l @ carbon (159pg/g) temp. corrected 
‘ carbon (298ng/g) temp. corrected 
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temperature. Fig. III:7 presents the data relating time to maximum to 
temperature of elutant. A non-linear inverse relationship is shown for 
carbon S; the data for W indicates the same trend but the gradient is 
lower. No significant effect was observed for temperature on duration 
of maximum. 

Although no data has been presented for this specific system, due 
to the exothermic nature of adsorption, increase in temperature will 
produce lower surface loading for a given concentration. (Weber 1967, 
Weber and Morris 1964b). This, coupled with the decrease in strength 
and specificity of van der Waals forces with temperature, which allows 
more ateohol to replace dye on the surface (Kipling 1965 p61), causes 
enhanced desorption at elevated temperatures. Leopold et al (1960) give 
an example of the release of 2,4-D, an aromatic acid, solely by increase 
in solution temperature from 21°C for adsorption to 95°C for desorption. 
However, more significant is the marked effect on the time to maximum. 
This is caused partially by the higher dye concentrations, which produce 
larger driving forces for readsorption and supression of desorption. 
However the major cause is change in the rate of internal transport which 
is a temperature sensitive diffusion process. (Smith et al 1959, Weber 
and Morris 1963a and Weber 1967). Consequently both dye release from the 
internal surface and dye readsorption are more rapid, though the latter 
may be slightly supressed. This produces a curve similar to that in Fig. 
III:4A. It is interesting that the effect on carbon with low dye loading 
(159ng/g) is less than that for a higher one (298pg/g). This, combined 
with the lower increase in maximum fluorescence, indicates that for low 
loadings insufficient dye is available at the surface to produce an equil- 


ibrium concentration. There must therefore be transport from internal 


ad : 

an j an 
| i a s ry 9.4 BP, 
ante ss ai nineae rs ae rats rd 


lea 
eee teeta ok 63 quid? santa: fnaltenbe to be 
_ 


“ 
— 
— 


ay tai ae a t Pa 


ae) iy ow fai aie 445-% rit m) +a) web wii 
I j i | hapRani, SAbey ee cna a an 
{ 
@ j 1,.7eted ig ct (ie i - fi f 
F- | iy odd 1 > ; 
ole Ae kes bie ote ae aR 
‘ a a Kee! ate hak peeew 
; = 
og) av “igh yaw’ uae wee ttoogeMaml 
i F Bs 7 
Me J7 i is GAN py) ie eae wil , 
i it 
. Yl ’ i yeue oly aeons ina 
( otis a : Be .6o¥ gia 'f 4 4 que = 
i , ali rh hs 54 rer ie a 
i ! j - 
f i . ! i424 ; \ dy ; é 
( re i ¢ i . ‘ , 
‘ ' i Sonn) | i Lis 
P 7 
* : We mf i igatl A 7 


aA 
a ot’ i 4 . ee te 0 eee sa t adda dct bi 


a 


ys wat 4 1: 7 7 au yl eis ; q : bay a! oc Ste i meee 


Ge, nd stents pin, p=» Me fahine) ag! ofLawlige ea mt 


grins ‘wei ut) uly * is CONNIE RADA AS jah te al bal 
, a ie maT» \ Ce\hube ane pore he lea ee | 


7 —_ i —— 
- ej. 1 ¥ Suita. Bey IDS byl ati 
> | _ 9 i . 7 a 
rings oi SoAhwe h> |sedeie aa eA em 
I ri - i + 


- si 
a ? 


a ys - 
wt 4 iirieunet d . 
ee 


desorption sites into the solution; this is strongly temperature control- 
led. However with higher loadings (298pg/g) enough dye is available near 
the surface to produce an equilibrium concentration without necessity for 
intra-particle transport. 

Thus the use of hot elutant will be advantageous for fluorometric 
detection in that it produces proportionally greater increase in concen- 
tration for samples of low loading than for higher ones, hence improving 
threshold levels. Furthermore it obviates the need for repeated sampling 
of the elutant concentration over periods of many hours to determine max- 
imum concentration as time to maximum is drastically reduced at elevated 


temperature. 


3. Dye/Carbon Interaction Effects 

Data for this section has been derived from two sources; firstly 
the elution evaluation experiment (p71) and secondly from a specific set 
of samples prepared for the purpose. The former work suffers from the 
disadvantage that diffusion time, concentration and loading were varied 
simultaneously, so that the results cannot be used to illustrate the 
effect of one variable without noise from a second variable interfering. 
However the data gave a preliminary account of the effects expected in 
the latter experiments. 

The second experiments were intended to be a factorial design with 
three factors; time since adsorption, loading, and initial concentration 
at four levels. However time did not permit the factorial design to be 
completed and hence a classical design, varying each factor individually 
while holding the others constant, was used. The levels employed were 


intended to represent those found in practical applications. They were 
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24 (standard), 73, 169, 330 and 504hrs for time since adsorption (sub- 
tract sixteen hotirs for actual adsorption process), 2.38 x e0%e 2250s 103, 
Do B¥8i 98 102 (Standard) and 2.38 x10 pg /1 for inttral concentration, and 
20, 60; 95 (standard), 190, 280 and 380 pg/g for loading. 

An appropriate weighed amount of 2.19mm carbon was contacted with 
a suitable volume of dye of desired concentration in a 1000ml beaker on 
a magnetic stirrer. After all the dye had been removed from solution the 
sample was removed from the stirrer and left to stand for the desired 
time period. It was then separated, washed in distilled water, and dried 
in thin layers at’ 115°C for twenty four hours in-a natural convection 
oven. No noticeable effect on elution was found from this treatment com- 
pared to prolonged air drying at 21°C in thin layers. However, an in- 
creased residence period in the oven (9lhrs) caused one third decrease 
in maximum fluorescence on elution. Two 0.5g samples of each batch of 
carbon were weighed into 60ml Pyrex-glass bottles with ground glass 
stoppers. Each bottle was placed in a water bath at 40°C to warm. 20ml 
of 75% ethanol with water at 40°C was added to each bottle and samples 
withdrawn with a warmed pipette into a cuvette for fluorometric deter- 
mination of fluorescence at appropriate intervals. All samples were re- 
turned to avoid volume loss. 

A. Loading 

Fig. III:8 shows the effect of loading on maximum elutant fluores- 
cence. The curve is essentially linear over two portions of different 
gradient. This suggests that the dye is held by two separate sites and/ 
or mechanisms of different bond strength on the carbon surface. The 
Steep portion of the curve represents the first occupied set of sites, 


which, despite strong affinity for the dye, release a large amount of 
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dye on elution. The second portion of the curve represents a second 
series of sites, which although they have lower bond strength with the 
dye, are not eluted well by the alcohols and hence give a lower yield. 

The elutant evaluation data shows similar steps (Fig. III:9) the 
one at 300pg/¢2 being very marked, though having no apparent corresponding 
form in Fig. III:8. It is probable that the lower step, if any, is masked 
by the sample at 39»g/g which had a long diffusion time compared to the 
other points (Table III:2). These carbons were also prepared from init- 
ial solution concentrations one to two orders of magnitude higher than 
the ones in the above experiment, and this may have a considerable effect 
in that .the critical micelle concentration is probably exceeded (F¥rester 
et al 1957). Thus micelles may be preferentially adsorbed as has been 
shown by Giles et al (1964), and a different adsorption mechanism may 
result, for which elution is highly efficient. Completion of the factorial 
layout would clarify. these points. 

Fig. II1:10 shows a far higher range of loadings, using ethanolic 
5% ammonium hydroxide elutant. It is evident that che steep gradient 
indtcaved in Hie. LIils9 continues: up to hich loadings a) Iniseis predict— 
able in that bond strengths for low loadings will tend to be far higher 
than those for greater ones (Graham 1959, Weber and Morris 1964b). 

The data for time to maximum supports the argument presented earlier 
that low loadings are much more strongly controlled by intra-particle 
transport than higher ones (Fig. III:11). Hence longer times to maximum 
are shown for values below 100pg/¢g than above this value, where the time 
becomes nearly constant at 80 mins. Data from the elution evaluation 
runs do not show the initial maximum, probably because the higher con- 


centrations used cause greater near surface adsorption, but the values 
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are nearly constant above loadings of 100pg/g. 

Fig. III:11 also shows duration of maximum, which increases with 
Joading. Ihus the decrease in availability of sites for readsorption, 
as higher surface coverage is achieved, decreases the rate of readsorp- 
tion at 4 greater rate than increase in concentration elevates it, due 
to higher diffusion pressure. Furthermore, the higher loadings have more 
dye available for slow release, to maintain equilibrium concentration as 
dye is readsorbed, than the lower ones. The data ifom the jelution eval— 
uation runs is similar to that presented, but shows higher variance due 
EOvtCHe Variety of conditions used adn) carbon preparation. 

Thus loading is of considerable importance in controlling elution, 
as 18 of course expected. However, it appears that simple linear cali— 
brations between dye eluted and carbon loading cannot be made. Time 
since adsorption and concentration both appear to affect this calibration 
and must therefore be considered. This raises considerable difficulties 
in attempts to quantify the charcoal adsorption process. From the point 
of view of the threshold approach the non-linear loading/dye concentration 
isesipnificant in that, tor low Initial concentrations, amorevdye ais 
eluted for a given increase in loading than at higher ones. The process 
is therefore most sensitive in the threshold region, where it is most 
needed. However, the effect of lower dye concentrations on this relation- 


ship should be investigated. 


B. Time Since Adsorption 
The results of different times of adsorption on maximum fluorescence 
are shown in Fig. I11:22. An initial decrease in maximum fluorescence 


occurred, but after 100 hours the values, although very variable, were 
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approximately unchanged. Both time to maximum and duration of maximum 
showed a small increase followed by a decrease to an almost constant 
Level e(Bie oI Tl213) . 

These results indicate that some relocation of the dye on the char- 
coal surface had occurred, and that the maximum effect had been within 
the first hundred hours. (Adsorption was complete within sixteen hours). 
The initial effect of relocation was to decrease fluorescence maximum and 
increase the time to maximum and duration of maximum, by decreasing the 
amount of dye available at the surface. However, further intra-particle 
transport, although not appreciably affecting the amount of dye now re- 
maining at strongly bonded sites near the surface, prevented appreciable 
contribution by internal sites due to low coverage, while allowing read- 
sorption to continue unaffected. Thus at low loading high average bond 
strength prevents diffusion. 

A second experiment was conducted to assess this variable, using 
very much higher loading and a continuous flow situation. 20g of carbon 
were loaded with 1000m1 of 4.76 x 10° ronal dye. solution. After 123hrs 
5.84 x 10° pg/g remained. A loading of 2090 pg/g was therefore attained. 
The carbon was separated, washed in distilled water, and placed ina 
250ml Pyrex-glass beaker. The outflow from a constant head tank was 
placed in the beaker, whose top was covered with a fifteen denier nylon 
mesh to prevent particle loss, but allow water to escape. The flow of 
tap water was adjusted such that the carbon was in continual motion in 
the beaker as water passed through. The flow varied between 1600 and 
1400m1/min. At suitable periods 2g samples were removed from the beaker, 
washed in distilled water, and dried in thin layers in a natural convec- 


tion oven at 115°C for 24hrs. All samples were stored in air tight vials 
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at room temperature until after completion of the washing part of the 
experiment. Two 0.1g samples of each batch were then weighed out into 
60ml Pyrex-glass bottles, and 20ml of 75% ethanol in water was added. 
The elution was conducted in a water bath at 40°C. Samples were deter- 
mined fluorometrically at appropriate time intervals until fluorescence 
declined from the maximum. 

Fig. III:14 shows the results. The decrease in maximum fluorescence 
is of far greater magnitude in this case and the decline continues for 400 
hours. Furthermore there is an increase in time to maximum of nearly three 
tames, and of duration of Maximum of five Limes over the 1200hr, period 
of the run. The decrease in fluorescence maximum is caused by desorption 
(p 35) and migration of dye adsorbed on near surface sites further inside 
the carbon granule, where it becomes either inaccessible because of pore 
filling (Weber and Morris 1964a), or adsorbed on sites from which it is 
not readily removed. Similar effects due to internal transport have been 
noted by Weber and Morris (1963a) during work on adsorption of alkyl- 
benzene sulphonates on activated carbon. If the carbon is removed from 
contact with the solution and left wet for a period of hours, considerable 
increase in adsorption rate occurs on replacing it; such an increase does 
not occur if the carbon is oven dried (Weber and Keinath 1967). Peterson 
and Lee (1971) show that such internal transport can also increase adsorp-— 
tion rates of rhodamine B on activated carbon. 

The increase in both time to maximum and duration of maximum is due 
to the increasing dominance of internal desorption sites as diffusion 
continues. The high loading causes low bond strength adsorption sites 
to be utilised and hence the redistribution process has a considerably 


longer life than that in the previous experiment. The term internal 
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transport (Weber and Morris 1963b) has been used here, in that the 
forces governing intra-particle movement of molecules are not wholly 
those of diffusion - the driving force due to a concentration gradient. 
In addition adsorption and capillary forces are involved, such that the 
particle migrates from one site to another in a somewhat erratic manner. 
A mathematical treatment of this transport has been presented by Weber 
and Rumer (1965) which is based on a diffusion-with-adsorption form of 
Fick's Law. 

A further experiment was conducted to show how continuous adsorp- 
tion (field conditions) compares to the purely experimental batch tech- 
niques examined here. A low flow constant head apparatus was set using 
a very fine jet on the delivery tube. 800ml of 2.38 x 102 pg/1 dye sol- 
ution was placed in the apparatus, which had been previously adjusted to 
supply the 800ml volume over a period of 24hrs. The output was delivered 
to a 1000ml Pyrex-glass beaker on a magnetic stirrer, set to provide 
continuous suspension of the carbon particles. 2.5 g of sorted activated 
carbon was placed in the beaker in 200ml of dye solution to commence the 
experiment, the loading being 95 pg/g on completion of adsorption. The 
adsorption was complete after twenty five hours, the dye solution having 
been consumed after twenty four hours. The carbon was separated, washed 
im distilled water and dried in thin Jayers at 115°C for 24hrs in a nat— 
ural convection oven. The samples were eluted in the same manner as 
those in the first time-of-adsorption experiment enabling the results to 
be compared with the 24hr sample from this run. The continuous input 
produced significantly higher maximum fluorescence on elution, slightly 
lower time to maximum and lower duration of maximum (See Table eo 


This was expected in that continuous input would leave considerable dye 
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Table III:6 Comparison of Continuous and Batch Input Methods 
Time to Duration 
~ Maximum Fluorescence Maximum of Maximum 
(Equiv. Fluor. Units) (mins ) (mins) 
184 60 6) 
Continuous 
182 60 0 
138 90 30 
Baten 
120 60 30 


on surface sites at the completion of the run, because time for transport 
to the internal surface was not available. However, in the eee system 
eight hours, during which no dye was adsorbed, were available solely for 
redistribution on the carbon surface. This difference also explains the 
time to maximum and duration of maximum results. 

The influence of time since adsorption on maximum fluorescence is 
important in that it introduces considerable ambiguity into the maximum 
fluorescence/loading relationship. Furthermore neither time to maximum 
nor duration of maximum can give an estimate of its significance, as 
they are not appreciably altered at low loading. This considerably com- 
plicates any attempt to use the method for remote quantitative detection. 
A second important conclusion of this work is that if charcoal detectors 
are allowed to remain moist after collection, a reduction in elutant 
concentration will result, which could bring the level below the thres- 


hold value. A similar effect would be caused by long periods in the 


stream. 
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Fig. IIi:15 shows the results of variation of initial concentration 


on maximum fluorescence and time to maximum fluorescence. The points 
rom concentrations below 2.38 x 10 ug/l were taken from a linear plot of 
the relationship. Data for duration of maximum fluorescence showed no 
significant variation. The values of maximum fluorescence are strongly 
controlled by solution concentration probably due to an increase in the 
average aggregation number of the adsorbed dye as higher initial concen- 
trations are used (see p20). The use of ethanol as a solvent causes 
disaggregation of dye micelles (Giles et al 1964). Hence as more dye 
molecules are released by disaggregation of large micelles than of an 
equal number of small ones after release, the maximum elutant concen- 
tration is dependant on initial concentration. It is also possible 

that some dye/dye bonds may be broken without the micelle being desorbed 
from the surface, though this cannot be of great importance as a desorp— 
tion mechanism because the higher alcohols give greater release than 
lower ones despite decreased polarity. 

AdSOrptELlonurromeap solution ol, 2.305% 104 pe/1 is essentially com- 
plete within three hours at this loading, compared to eight hours for 
2.38 x 102 pg/1 and twenty four hours fom 2.00) xeLO pg/1 yn lite ereater 
internal relocation may occur for the higher concentrations, morse al is 
in view of the high concentration gradients which are established. Thus 
time to maximum increases with concentration, though the amount is much 
more marked at low concentrations than at high. 

It is apparent that changes in dye concentration are also signifi- 
cant in elution, and thus make quantitative interpretation of charcoal 


elution data indeterminate, in terms of dye loading on the carbon. 
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Furthermore, the effect is appreciable even at the low concentrations 
commonly used in dye tracing (a concentration of 2.38 x 10 pg/1 is 
visible in deep water under good conditions, while fluorometric detect- 
ion has a lower limit of 5 x 1072 pe/1). Thus it is possible that for 
a given very low concentration, even if high loadings are achieved by 
prolonged adsorption, the dye may not be eluted. Continuation of the 
factorial design would have yielded useful information on this minimum 
concentration/loading AC tIee Ione which will be further modified by 


variation of the time since adsorption occurred. 
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1) Greater dye loading on the carbon will lead to higher maximum 
fluorescence of the elutant on elution. This relation is non-linear, 
indicating heterogeneity in adsorption sites, but the initial portion 
of the loading/maximum fluorescence curve has a Steep gradient, giving 
maximum sensitivity in the threshold region. A variety of bond sites 
abe wpresent, —the first ones being readily eluted, but strong, white 
those utilised at higher loadings are initially less readily eluted, but 


become progressively weaker and more easily eluted as loading increases. 


2) The dye will be desorbed in water so as to adjust loading and/ 
or solution concentration to equilibrium values. Hence desorption will 
occur in flowing water until a loading is achieved at which equilibrium 
concentration, 1s just zero (zero concentration equilibrium loading). 
This indicates that van der Waals forces are responsible for dye adsorp- 
tion, though a small amount of irreversible hydrogen bonding may operate 


Ohethe shtessoccupied initially. 


3) Zero concentration equilibrium loading increases with the con- 
centration of the solution from which adsorption occurs. Furthermore, 
for a given loading, the maximum fluorescence of elutant on elution also 
increases with this variable. These effects are due to the adsorption 


of more larger dye micelles at high concentrations than at low ones. 


4) Carbon capacity is not affected by large variations in pH, 
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ionic strength and probably temperature. However, in waters containing 
organic matter, either natural or effluent, competition for adsorption 
sites will occur and the carbon capacity vin be \reduced. Vhis reduction 
is proportional to the flow rate through the detector and concentration 
of the organics. This competition is extremely important, because the 
organic matter will first utilise the high Romine energy sites, which 
are responsible for irreversible adsorption of dye. Thus dye may be 


adsorbed and desorbed again before analysis. 


5) Intra=particle transport is the rate controlling mechanism in 
adsorption, except where rate of supply of dye is'low. It may continue 
after adsorption has ceased, to either bring dye to the surface for 
desorption, if loading is above zero concentration equilibrium loading, 
or redistribute dye internally if the carbon is below this loading. The 
latter can continue as long as the detector remains moist, even if it is 
not Sapna eee tin water. This will result in decreased maximum fluores- 
cence in solution, as little dye from deep internal sites contributes to 


maximum fluorescence on elution. 


6) Adsorption rate is controlled by solution concentration and 
unused carbon capacity, which together provide the driving force in 
adsorption. At low loadings an increase in the carbon/dye weight ratio 
will increase adsorption rate, but this will also reduce loading, and 


is therefore undesirable. 


7) Carbon capacity and rate of adsorption both increase with de- 
creasing particle size; the latter is most significant. A relatively 
small particle size will increase the dye adsorbed from a unit volume 


of water passing the detector, but it will also be exhausted faster than 
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a large grain size of the same weight as more organic material will be 


adsorbed. Furthermore, desorption will also be more rapid. 


8) pH, ionic strength and probably temperature do not significantly 
affect adsorption rates for the range of values expected in most fresh 
waters. However in waters of low pH and/or high ionic strength, adsorp- 
tion rate is markedly increased due to supression of the negative charge 


on the carbon surface for the former and reduction in its effectiveness 


rome ielve ileiecere 


9) In waters containing competing organic molecules, adsorption 
rates are much lower than for pure distilled water systems. This is due 
to reduction in the rate of intra-particle transport due to pore block— 
ing, inter-molecular repulsive forces, and reduction in the unused 


capacity of the carbon. 


10) Due to the various effects of competing organics, solution 
concentration, desorption, rate of adsorption variations and of intra- 
“particle redistribution of adsorbed molecules, it appears that adsorption 
on activated carbon cannot be used in quantitative applications to deter- 


mine the mass of dye passed through a detector column with known flow. 


- 


11) The following recommendations on the use of detectors can 
therefore be made: 

Dye concentration should be maintained at a maximum possible con= 
centration (about 20pg/1) for as long as possible during a dye test: 
Continuous injection is therefore more SAatistaetory stianecluy njeerLon. 
In streams with odorous or coloured waters, carbon capacity will be rap- 


idiy reduced, “Detectors should therefore be changed frequently (every 
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one or two days). Even in relatively clean waters exposure for over 
periods of one week may drastically reduce the amount of dye adsorbed. 
Pipe or column detectors such as Dunn's prea design or that of Bauer 
(1967) will be less severely affected by competition than screen ones, 
in that bed depth is finite and fresh carbon will be available at the 
outflow end of the detector. 

Detectors should not be left in streams for long periods after dye 
adsorption, because desorption and redistribution will reduce the amount 
of dye which may be eluted. ee they should be dried on collection 
if analysis is not to be carried out immediately. Where short pulse dur- 
ations or frequent detector replacement is expected (every day for in- 
stance), use of finer carbon (18-20 mesh) than the normal (6-14 mesh) 
will permit more dye to be adsorbed. However, for less frequent replace- 
ment (one week or more), the supplied size is more satisfactory. In 
order to ensure that rate of supply of dye does not become rate limiting, 
flow through the detector should be maximised. 12g of activated carbon 
is satisractory forma 13° x Jem screen detector, but larger quantaties 


could be used in a column and eluted in several sequential portions. 
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1) Elutant flucrescence/time curves for the elution process pass 


through a maximum fluorescence value due to readsorption of the dye on 


Ehe carbon. 


2) The column elution system has an inherently higher minimum 
detectability than the batch, as the mass of dye released is larger, 


because elutant concentration does not limit desorption. However 
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concentration of the large volume of solution produced is needed and the 


procedure is generally more difficult. 


3) The volume of elutant to weight of carbon ratio controls maxi- 
mum fluorescence in batch elution; the smaller the ratio the higher the 
fluorescence obtained. Variations in volume or weight do not influence 


fluorescence for a given volume/weight ratio. 


4) More dye is desorbed by high molecular weight alcohols than by 
low ones. For a given molecular weight, straight-chain alcohols are more 
successful than branchec-chain ones. These findings indicate that des- 
orption is due to competition for adsorption sites dominated by van der 


Waals forces. 


5) With increasing molecular size, more desorption occurs with an 
increasing percentage of water in the elutant liquid. This is because 
the water increases the dye solubility in the elutant when the higher 
non-polar alcohols are used. For 1 and 2-propanol the optimum mixture 


is probably the azeotrope. 


6) The use of ammonium hydroxide as an additive in elution causes 
release of some dye from polar adsorption sites, and also gives maximum 


fluorescence in the elutant. Other alkalis serve only the latter purpose. 


7) Although increasing the temperature of elutant reduces the max- 
imum elutant fluorescence, if temperature correction is applied for 
fluorometric detection the fluorescence does show a significant increase. 
More important is the decrease in the time to maximum fluorescence due 
to the increase in the rate of intra-particle transport from internal 


desorption sites to the bulk elutant with increasing temperature. 
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8) Thus the following may be recommended to optimise elution 
conditions: 

The carbon weight used is unimportant, but the volume of elutant 
should be kept as small as possible, such that v/w is minimised. The 
elutant should be a mixture of 43% by volume 1l-propanol and 57% by vol- 
ume 20% aqueous ammonium hydroxide, at 60°C to 70°C if fluorometric 
detection is to be employed. This temperature should be maintained 
,throughout the elution process using a water bath. A detectable concen- 
tration should be achieved within thirty minutes, for visual or fluoro- 
metric detection, if the carbon has a sufficient dye loading. Although 
maximum concentration may require considerably longer for samples which 


have high loadings, a visually detectable concentration will be reached 


rapidly. If a positive result has not been achieved it may be worthwhile, 


if the test is important, to use either a simple flow through system or 
repeated batch extraction with a short contact period, and concentrate 
the large volume of elutant. Extraction in a Soxhlet apparatus using 

the azeotropic mixture, would provide a continuous extraction and con- 
centration process, which would prove more satisfactory than any other 


method. 


The fluorescence of Rhodamine WT decreases rapidly above Cl con- 


centrations of 0.01M, probably due to a specific reaction. The dye is 


less sensitive to 50); HCO, and NO, in that order. Fiuorescence is 


not affected by pH above 8.5, is affected to a minor extent between 8.5 


and 6.0 and decreases rapidly at lower values due to formation of the 


lactone form of the dye. 
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Work is under progress to test the findings of this study under 
field conditions, in order to develop specific methodological techniques 
for the use of carbon detectors. The work is also being extended to the 


use of sodium fiuorescein and pyranine both of which are commonly used 


in water tracing work. 
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